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Abbreviations 
Ac  acetyl 
acac  acetylacetone 
Ar  aryl 
ArF  3,5-ditrifluoromethylphenyl 
BINAP  2,2′-bis(diphenylphosphino)-1,1′-binaphthyl 
tBu  tert-butyl 
nBu  n-butyl 
cod  1,4-cyclooctadiene 
Cp  η5-cyclopentadienyl   
Cp*  η5-1,2,3,4,5-pentamethyl cyclopentadienyl 
Cy  cyclohexyl 
DMAD dimethyl acetylenedicarboxylate 
DMF  dimethyformamide 
dppe  1,2-bis(diphenylphosphino)ethane 
dppb  1,2-bis(diphenylphosphino)butane 
dppp  1,2-bis(diphenylphosphino)propane 
Et  ethyl 
MAD  methylaluminum bis(2,6-di-tert-butyl-4-methylphenoxide) 
Me  methyl 
nbd  bicyclo[2.2.1]hepta-2,5-diene 
OTf  triflate anion 
Piv  pivaloyl 
Ph  phenyl 
PPN  Bis(triphenylphosphine)iminium 
THF  tetrahydrofulane 
tol  tolyl 
Tp  tris(pyrazolyl)borate 
xantphos 4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene 
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Chapter 1 
General Introduction 
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1-1, C–H and C–C bond activation 
 Transition metal mediated carbon–carbon (C–C) bond formation reactions are highly 
important for the modern synthetic organic chemistry, and have been utilized in pharmaceutical 
and fine-chemical industry.  For example, the cross-coupling reaction, for which the Novel Prize 
in Chemistry in 2010 was given, have been playing a central role in this field for a long time.  
However, these reactions usually require already functionalized reagents such as ArB(OH)2, 
RSnY3, and RSiY3, and the waste materials originated from those functional groups are 
generated in the equivalent rate with the product.  As alternative strategies for the cross-coupling 
reaction, direct functionalization of carbon–hydrogen (C–H) and C–C bond by using transition 
metal complexes, so called “C–H bond activation” and “C–C bond activation”, has attracted 
considerable attention.  This reaction does not require the prefunctionalization of the substrates, 
which would reduce the number of reaction steps for the synthesis the desired compound and 
lead to the highly atom-economical synthesis.  The author would like to summarize the 
chemistry of C–H and C–C bond activation briefly.   
 
1-1-1, C–H bond activation   
 Stoichiometric C–H bond activation of azobenzene, so-called o-metallation of 
azobenzene, is first reported by Kleiman and Dubeck in 1963 (Scheme 1).1  In this reaction, 
nitrogen atom of azobenzene is considered to work as a directing group, and the C–H activation 
exclusively proceed at the ortho position.     
 
Scheme 1.  Stoichiometric C–H bond activation of azobenzene. 
 
 The concept of “directing group” has been greatly applied in the C–H bond activation.2  
A representative example is Murai’s alkylation of aromatic ketones catalyzed by a ruthenium 
complex (Scheme 2).3  In this reaction, the oxygen atom of the carbonyl group first coordinats to 
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the ruthenium atom, which would support the subsequent oxidative addition of ortho C–H bond, 
and the following olefin insertion and reductive elimination affords the product.    
 
Scheme 2.  Alkylation of aromatic ketones by a Ru catalyst.   
 
 Similar methodology has also been applied to the sp3 C–H activation.  For example, a sp3 
C–H bond of 2-(1-pyrrolidinyl)pyridine can be substituted to with an acyl group by a rhodium 
catalyst (Scheme 3).4  As shown in Scheme 3, the initial coordination of the nitrogen atom of the 
pyridine group assisted the subsequent sp3 C–H bond activation.    
 
 
Scheme 3.  Carbonylation of 2-(1-pyrrolidinyl)pyridine by a Rh catalyst.   
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1-1-2, C–C bond activation   
 Although C–C bonds are usually difficult to be activated owing to their thermodynamic 
stability as well as their kinetic inertness, they can be activated under appropriate conditions.  
One method is oxidative addition of the strained C–C bond to a transition metal complex.  For 
example, a rhodium catalyst cleaves the C–C bond of cyclobutanone to generate the five-
membered rhodacycle, and the subsequent intramolecular insertion and reductive elimination 
give the ring-expanded ketone (Scheme 4).5     
 
O
Rh
O
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O
O
5 mol%
[Rh(nbd)(dppp)][PF6]
oxidative addition
insertion
reductive
elimination
81% yield
xylene, 135 °C
 
Scheme 4.  Ring expansion reaction via the activation of a strain C–C bond.   
 
 The C≡N bond readily coordinates to a transition metal complex in a η2-fashion, and it 
makes the oxidative addition of the C–CN bond more easily.  This tendency is well applied to 
the cross-coupling reaction of alkynes with nitriles by using a nickel catalyst (Scheme 5).6      
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Scheme 5.  Cyanoarylation of 4-octyne via the activation of a C–CN bond.   
 
 Only two example of oxidative addition of the C–C bond in a C–C≡C partial structure 
have been reported.  The first is the oxidative addition in η2-alkyne platinum complexes reported 
by Jones (Scheme 6, top), and irradiation of UV light is effective for this C–C bond cleavage.6c  
However, this reaction is thermodynamically uphill, and thermolysis of the product led to 
regeneration of the η2-alkyne complex.  The second is oxidative addition of C–C bond in 
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diynones at Rh(I) complex reported by Dong (Scheme 6, bottom).6d  In this reaction, Rh(I) 
would oxidatively insert into the C–C bond α to the carbonyl group to generate acyl-Rh(III) 
acetylide intermediate.  Subsequent elimination of CO followed by reductive elimination of the 
resultant bisacetylide would provide the conjugated diyne.   
 
 
 
Scheme 6.  C–C bond cleavage in the C–C≡C moiety.   
 
 Another type of C–C bond activation is the β-carbon elimination.  Compared with the C–
C bond oxidative addition, this reaction is known to occur under relatively mild conditions.  
Recently, Murakami reported the isomerization of o-cyclophanes to m-cyclophanes (Scheme 6).7  
This reaction is initiated by the photoisomerization of o-cyclophane into the cyclobutanol 
followed by the β-carbon elimination of the a rhodium alkoxide species under mild thermal 
conditions.     
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Scheme 6.  Isomerization of o-cyclophanes to m-cyclophanes. 
 
 In this thesis, the author has taken notice of C–H and C–C bond activation process 
developed more recently, vinylidene rearrangement and 1,n-metal rearrangement.  Next, the 
author introduces the concept, development, and application of these processes briefly.    
 
1-2, Vinylidene Chemistry 
1-2-1, Vinylidene complex and its synthesis from organometallic complex 
 Vinylidene, :C=CRH, is the simplest unsaturated carbene and a high-energy tautomer of 
acetylene RC≡CH, being presumed to be formed by cleavage of the sp CH bond followed by the 
1,2-H migration.  Organic vinylidene species could be stabilized by a coordination to a metal 
center, and they are readily isolated as vinylidene complexes.8  Crucially, the vinylidene ligand 
exhibits different reactivity compared to that of alkyne; notably the α-carbon of the vinylidene 
complex is electrophilic, whereas the β-carbon is nucleophilic, and this difference in reactivity 
between alkynes and coordinated vinylidenes has been extensively exploited in catalysis.  For 
example, terminal homopropargylic alcohols could be catalytically transformed to the 
dihydrofurans with [Mo(Et3N)(CO)5] catalyst by way of the vinylidene rearrangement of alkynes 
to form the vinylidene species followed by the intramolecular addition of the hydroxy group to 
the α-carbon (Scheme 7).  The ruthenium complex [CpRuCl(PPh3)2] catalyzes the addition of 
allylic alcohols to terminal alkynes to form the β,γ-unsaturated ketones (Scheme 8).  In this 
reaction, vinylidene intermediate undergoes the intramolecular addition of coordinating allylic 
alcohols to generate alkoxycarbene derivatives, which is further transformed to the product via 
the sigmatropic rearrangement followed by the reductive elimination.     
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Scheme 7. Formation of dihydrofurans via the terminal alkyne-to-vinylidene rearrangement.  
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Scheme 8. Formation of β,γ-unsaturated ketones via the terminal alkyne-to-vinylidene 
rearrangement.  
 
 The first bridging vinylidene complex, [Fe2(μ-C=CPh2)(CO)8], was prepared by 
irradiation of diphenyl ketene with Fe(CO)5 by Mills and Redhouse in 1968,9 and the first 
mononuclear vinylidene complex, [CpMoCl{=C=C(CN)2}(PPh3)2], was synthesized in 1972 by 
migration of chlorine atom of [CpMo{CCl=C(CN)2}(CO)3] to the molybdenum center with 
concomitant displacement of triphenylphosphine ligands into a carbonyl ligands.10  Since their 
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pioneering reports, vinylidene complexes have been synthesized by several procedures from 
organometallic compounds.  For example, the osmium(0) vinylidene complexes [(η6-
C6H6)Os(=C=CHR)(PR′3)] (R = Ph, nBu; R′ = iPr, Me, tBu) was formed from treatment of [(η6-
C6H6)Os(CH=CHR)(PR′3)Cl] with a strong base (Scheme 9, top),11 and the iron(II) vinylidene 
complex, [CpFe(=C=CR2)(CO)(L)]+ (R = Me, H; L = PPh3, PMe2Ph) was prepared by 
deoxygenation of the corresponding acyl complex by treatment with (CF3SO2)2O (Scheme 9, 
bottom).12      
 
 
Scheme 9.  Formation of vinylidenes form vinylosmium complex (top) and acyliron complex 
(bottom). 
 
 Furthermore, addition of an electrophile such as alkyl groups or proton to the β-carbon of 
an alkynyl complex has been used to synthesize a variety of vinylidene complexes (Scheme 
10).13     
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Scheme 10.  Formation of vinylidenes form alkynylruthenium complex. 
 
1-2-2, Synthesis of monosubstituted vinylidene complexes from terminal alkynes 
 Although a various methods for the formation of monosubstituted vinylidene complexes 
have been developed, the most straightforward route is the activation of terminal alkynes by a 
transition metal complex.  In fact, a large number of examples have been reported in the 
literature, and over 200 crystal structures have been already listed in the CCDC.14  Generally, 
two pathways are proposed for the mechanism of the transformation of a terminal alkyne into the 
corresponding vinylidene as illustrated below (Scheme 11).8f,14i,15   
 
 
Scheme 11.  Mechanisms of formation of vinylidenes form terminal alkynes. 
 
 A common requirement for both pathways is the initial coordination of alkyne to a metal 
center with η2-fashion.  Therefore any metal precursor must possess a vacant coordination site, 
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which is generated by dissociation of a labile neutral ligand or halide abstraction.  Pathway A is 
the direct 1,2-hydrogen migration over the carbon–carbon triple bond.  On the other hand, 
pathway B involves the oxidative addition of the sp C–H bond to form a hydridoalkynyl complex 
followed by the 1,3-hydrido migration.  The choice of these mechanisms is dependent on the 
nature of both the ligands and metal complex employed.  For example, the vinylidene 
rearrangement at d6 metal system such as Mn(I) and Ru(II) complexes usually proceed via 
pathway A (Scheme 12, top), whereas that at d8 metal systems such as Rh(I) and Ir(I) tends to 
occur through pathway B (Scheme 12, bottom).14   
 
 
Scheme 12.  Formation of vinylidene via pathway A (top) and pathway B (bottom).   
 
1-2-3, Synthesis of disubstituted vinylidene complexes from internal alkynes 
 Although studies on stoichiometric and catalytic formation of vinylidene complexes have 
been performed mainly by using terminal alkynes, formation of disubstituted vinylidene 
complexes, M=C=CRR′ (R, R′ ≠ H), from internal alkynes has also been known.  For example, 
vinylidene rearrangement of heteroatom-substituted (-SiR3,14f,h,16 -SnR3,17 -SR,18 and -I19) 
internal alkynes has been reported.    
 Isomerization of PhC≡CSiMe3 at a [RuCl2(PCy3)2] is illustrated in Scheme 13.16b  This 
reaction provides the five-coordinate Ru(II) vinylidene complex without any other observable 
intermediate species, and its mechanism is considered to be the direct 1,2-SiMe3 migration from 
η2-alkyne complex.   
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Scheme 13.  Formation of a disubstituted vinylidene from silylalkyne. 
 
 Scheme 14 illustrates vinylidene rearrangement of MeSC≡CSMe, in which once isolated 
S coordinated intermediate is further transformed to the corresponding vinylidene complex under 
thermal conditions via the 1,2-SMe migration.18    
RuMe3P
Me3P
Cl
SMeMeS
NH4PF6
MeOH, r.t.
RuMe3P
Me3P
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Me
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RuMe3P
Me3P
(PF6)
SMe
SMe76% yield  
Scheme 14.  Formation of disubstituted vinylidenes from thioalkyne.   
 
 In addition, a few examples of catalytic applications of the internal alkyne-to-
disubstituted vinylidene have been reported.16e,19  Matsubara and Kurahashi reported the 
decabonylative alkylidenation of phthalimide by using Ni(0) catalyst and PhC≡CSiMe in 2013, 
and its proposed catalytic cycle is illustrated in Scheme 15.16e  The skeleton of the product 
clearly demonstrates that the SiMe3 substituent of PhC≡CSiMe is migrated to the other carbon 
across the C≡C bond during the reaction, indicating the involvement of the vinylidene 
rearrangement.   
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Scheme 15.  Nickel catalyzed decabonylative alkylidenation of phthalimide.   
 
 On the other hand, formation of the disubstituted vinylidene complexes from 
bis(hydrocarbyl)-substituted internal alkynes, which may be regarded as a C–C bond activation 
reaction, has not been recognized as a common process so far.  In 2000, Knox first demonstrated 
that a bridging disubstituted vinylidene could be synthesized from the reaction of binuclear 
ruthenium complex with MeO2C≡CCO2Me (DMAD) as shown in Scheme 16.20   
 
 
Scheme 16.  Formation of carbon disubstituted vinylidene at a dinuclear ruthenium complex.   
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 The first synthesis of mononuclear bis(hydrocarbyl)-substituted vinylidene complex was 
reported by Shaw in 2007 utilizing the reaction of [CpRuCl(PPh3)2] with PhC≡CCOPh and 
AgPF6 (Scheme 17).21  In this reaction, the η1-O bound alkyne complex was considered to be 
generated at first, which slowly isomerizes to the corresponding vinylidene complex.  It is also 
described that PhC≡CPh could not be applied to this rearrangement, and only the corresponding 
η2-alkyne complex was formed.     
 
 
Scheme 17.  Formation of carbon disubstituted vinylidene at a mononuclear ruthenium complex.   
 
 After Shaw’s report, some examples of vinylidene rearrangement of acyl alkynes at a 
TpRu complex have been demonstrated by Puerta and Valerga.22  For example, the reaction of 
[TpRuCl(PiPr2Me)(MeCN)] with NaBArF4 and PhC≡CCOPh affords the vinylidene complex 
[TpRu{=C=C(Ph)COPh}(PiPr2Me)(MeCN)][BArF4] (Scheme 18), and the mechanism of this 
transformation proposed the 1,2-acyl migration.    
2
F
4
2
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4
6 5
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2 2 4 2
 
Scheme 18.  Formation of carbon disubstituted vinylidene from acyl alkyne.   
 
 These findings have broadened the starting materials of vinylidene rearrangement from 
terminal alkynes to internal alkynes.  However, up to this stage, it has been believed that an acyl 
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substituent in the starting alkyne is a prerequisite to undergo the vinylidene rearrangement, and 
this seriously limits its synthetic utility.  Although there has been reported an irreversible 
isomerization of disubstituted vinylidenes to internal alkynes in 1994 by Bly (Scheme 19),23 
vinylidene rearrangement of general internal alkynes has never been reported prior to the 
author’s studies.     
 
 
Scheme 19.  Vinylidene-to-alkyne irreversible isomerization at an iron complex.   
 
1-3, C–H activation by 1,n-metal migration 
 The C–H activation catalyzed by transition metal complexes is one of the most rapidly 
developing research areas in chemistry, and a large number of selective C–H activation reactions 
have been realized.24  In most cases, however, the regioselective C–H activations require a 
directing group in the substrate molecule to facilitate the access of the metal center to the 
‘target’ CH group, which significantly limit their synthetic utility.2  The intramolecular remote 
C–H activation via the 1,n-metal migration is a new method for the C–H activation which needs 
no directing group and has been attracting considerable attention during the last decade.  In this 
reaction, a transition metal center is introduced to the carbon atom several bonds away from the 
‘target’ C–H group by a standard organometallic reaction such as oxidative addition or alkyne 
insertion, and then exchanges its position with the hydrogen atom to complete the C–H 
activation (Scheme 20).     
M H
M
H
M
Hor
H M
x = 0; 1,4-migration
x = 1; 1,5-migration  
Scheme 20.  C–H activation by 1,n-metal migration.   
 
15 
 
 Among all 1,n-migrations, 1,4-migration is most commonly seen, because the formation 
of a relatively strain-free five-membered ring metallacycle is favored as the transition state or 
intermediate.  The synthetic applications as well as the theoretical studies of 1,4-metal migration 
have actively been investigated during the last decade, where Rh(I) or Pd(II) complexes have 
mainly been acting as the catalyst.25  In this section, the author summarizes the 1,4-Pd and -Rh 
migration and some other related systems such as 1,3- and 1,5-migration.      
 
1-3-1, 1,4-Palladium migration 
(i) Vinyl-to-aryl 1,4-Pd migration26 
 In 2000, Larock uncovered a novel annulation reaction of iodobenzene and 
diphenylacetylene with Pd(OAc)2 catalyst to afford 9-benzylidene-9H-fluorene (Scheme 21).26a  
The mechanism of this reaction is illustrated in Scheme 22.  The oxidative addition of 
iodobenzene to Pd(0) produces an arylpalladium intermediate A, which rapidly undergoes 
insertion of the alkyne to produce a vinylpalladium(II) species B.  Then, palladium center in 
intermediate B exchanges its position with the neighboring ortho aryl C–H group through the 
successive oxidative addition/reductive elimination or concerted metallation-deprotonation 
(CMD) process27 to form the o-vinylarylpalladium intermediate C (1,4-Pd migration stage).  
Intermediate C can then undergo single bond rotation and arylation to afford intermediate D, 
which then reductively eliminates the product (fluorenilidene derivarive) and regenerates the 
Pd(0) catalyst.      
 
 
Scheme 21.  First example of vinyl-to-aryl 1,4-Pd migration.   
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Scheme 22.  Plausible mechanism of Scheme 21.   
 
 The substrate of vinyl-to-aryl 1,4-Pd migration was extended to N-phenyl-3-iodoaniline 
and 3-iodophenyl phenyl ether to afford substituted indoles and dibenzofuranes (Scheme 23).27c  
This process proceeds by a similar mechanism described in Scheme 22; the oxidative addition of 
the iodide and alkyne-insertion to form the vinylpalladium intermediate followed by the vinyl-to-
aryl 1,4-Pd migration and the subsequent ring closure via intramolecular arylation.  Interestingly, 
in this reaction, palladium center selectively migrates to the position ortho to the heteroatoms X 
(X = NH or O), rather than less sterically congested para position.  The reason of this behavior 
was tentatively proposed that the ortho heteroatom weakly coordinates to palladium center to 
enhances the ortho migration.   
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Scheme 23.  Reaction of N-phenyl-3-iodoaniline and 3-iodophenyl phenyl ether with alkynes.   
 
(ii) Aryl-to-aryl 1,4-Pd migration28 
 The aryl-to-aryl 1,4-palladium migration has also been studied actively.  This type of 1,4-
migration was first observed by Larock28a and Gallagher28b in the Heck reaction of o-
iodobiphenyls and analogues in 2002.   
 
 
Scheme 24.  Aryl-to-aryl 1,4-Pd migration.   
 
 A representative example of the aryl-to-aryl 1,4-Pd migration is shown in Scheme 24.28a,e  
When the Heck reaction of 2-iodo-4′-methylbiphenyl (1) was performed under conditions A, the 
18 
 
Heck product 2 with the olefin incorporated at the positions where the iodide originally resided 
was obtained as the sole product (entry 1).  On the other hand, under conditions B, the reaction 
gave not only 2 but also o′-olefinated 3 in the 50:50 ratio, indicating that the metal center of the 
arylpalladium intermediate underwent the 1,4-migration from o-position to o′-position prior to 
the olefination step.  Interestingly, the Heck reaction of 2-iodo-4-methylbiphenyl (4) under 
conditions B also generated the almost same distribution of isomers 2 and 3 as obtained from the 
reaction of 1.  These results clearly demonstrate that under conditions B, there exists an 
equilibration of 1,4-Pd migration between o-position and o′-position at the arylpalladium 
intermediates generated from either 1 or 4 (Scheme 25).   
 
 
Scheme 25.  Reversibility of aryl-to-aryl 1,4-Pd migration.   
 
 The structural evidences for the intermediates of the aryl-to-aryl 1,4-Pd migration have 
been demonstrated by Sharp in 2006.28d  Arylplatinum complex 5a prepared by oxidative 
addition of 9-bromodibenz[a,c]anthracene to Pt(PEt3)4 was isomerized to trans isomer 5a′ by 
heating at 160 ˚C for 48 h in toluene, and 5a′ was also isomerized to 6a by further heating at 160 
˚C for 5 days through the 1,4-Pt migration.  Complexes 5a, 5a′ and 6a were fully characterized 
by means of NMR as well as X-ray measurements.  In addition similar behavior was observed at 
the palladium analog complex 5b, and the corresponding products 5b′ and 6b were formed 
(Scheme 26).   
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Scheme 26.  Structurally well-defined 1,4-migration of Pt and Pd centers.    
 
 A reasonable initial step is phosphine dissociation to form an M–H agostic interaction.  
Three possible pathways were proposed for the subsequent 1,4-migration step.  Path A is the 
oxidative addition of the agostic C–H bond to form a M(IV) intermediate followed by reductive 
elimination, and path B is the σ-bond metathesis, whereas path C is the deprotonation of an 
acidic agostic C–H to generate HBr followed by addition of HBr (Scheme 27).  It is noteworthy 
that no deuterium incorporation into 6 was detected, when the isomerization of 5 was performed 
in the presence of D2O.  This result suggests that path C can be eliminated from the plausible 
mechanisms, and paths A and B are operative.     
 
 
Scheme 27.  Plausible mechanisms of Scheme 26.    
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(iii) Computational studies of the palladium 1,4-migration29 
 Mechanistic details of several types of 1,4-Pd migration have been discussed by using 
DFT calculations, which suggested that there are three different possible mechanisms.  The first 
mechanism is the stepwise oxidative addition/reductive elimination pathway involving a 
hydridopalladium(IV) intermediate (IntIV); the second is a concerted metalation-deprotonation 
pathway involving a palladium(II) transition state (TSII); the third is another one-step migration 
involving a hydridopalladium(IV) transition state (TSIV), which is somewhat ambiguous with the 
second one and need further discussion.  Actually, choice of these three mechanisms depends on 
the type of the carbon atoms from/to which the Pd(II) center migrates.   
 
Pd
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H Pd
H3P
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H3P Br
H
TSIV
E = +30.8 kcal/mol
E = 0 kcal/mol E = 4.5 kcal/mol
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C1 H: 1.859 Å
C4 H: 1.847 Å
Pd C1: 2.052 Å
Pd C4: 2.050 Å
Pd
H3P Br
H
TSII
E = +32.5 kcal/mol
Pd H: 1.655 Å
C1 H: 1.620 Å
C4 H: 1.601 Å
Pd C1: 2.114 Å
Pd C4: 2.117 Å
 
Scheme 28.  Plausible mechanisms of the aryl-to-aryl 1,4-Pd migration at biphenyl framework.    
 
 For example, the aryl-to-aryl 1,4-Pd migration at a biphenyl framework, TSIV and TSII 
are close in energy and thus are competing (Scheme 28).29b  Although the structures of the two 
transition states seem to be very similar to each other, the geometry of the TSII shows the 
interatomic distances Pd–H (1.655 Å (TSII) vs 1.536 Å (TSIV)) and C1–H (1.620 Å (TSII) vs 
1.859 Å (TSIV)) and C4–H (1.601 Å (TSII) vs 1.847 Å (TSIV)), indicating that the hydrogen binds 
looser to the palladium and tighter to the two carbons.  It should also be mentioned that the TSII 
shows a longer Pd–C distances (ca. 2.12 Å (TSII) vs ca. 2.05 Å (TSIV)), indicating the weaker 
interaction between Pd and the carbons.  These results clearly demonstrates that the palladium 
center of TSII is closer to Pd(II), and the hydrogen is directly moving from C1 to C4.  While in 
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the TSIV, the palladium center is closer to Pd(IV), and the hydrogen is temporarily carried by the 
palladium center, resulting in a higher oxidation state of the palladium atom.   
 Other results are summarized in Table 1.  The aryl-to-aryl 1,4-Pd migration at 
phenanthrene has been found to occur through the TSIV pathway (entry 1).  On the other hand, in 
the case of aryl-to-alkyl 1,4-Pd migration at an ethylbenzene framework, the IntIV mechanism is 
the most favored (entry 2).  In addition, mechanisms for similar 1,4-Pd migration at a 
methylnaphthalene framework has been shown to depend on the geometry of the ligands.  For 
the cis-isomer (Br and aryl group are located cis), the IntIV pathway is energetically more 
favored (entry 3), while for the trans-isomer the TSIV pathway is favored (entry 4).     
 
Table 1.  Energetically favored pathways for different types of 1,4-Pd migrations.   
  
 
1-3-2, 1,4-Rhodium migration 
(i) Alkyl-to-aryl 1,4-Rh migration30 
 In 2000, Miura demonstrated that the reaction of phenylboronic acid and 2-norbornene in 
the presence of a rhodium(I) catalyst gave rise to the “merry-go-round” type multiple alkylation 
on the phenyl ring, and 1,2,3,4-tetranorbornylated benzene was formed as the main product.  The 
mechanism of this reaction is illustrated in Scheme 29.30a  The norbornene insertion into the Rh–
Ph bond of the arylrhodium intermediate, which is generated by an initial transmetalation, 
affords the norbornylrhodium intermediate.  Then, the rhodium center undergoes the 1,4-
migration from the norbornyl to the ortho Ph position to form the (2-norbornyl)phenylrhodium 
species, and this species can undergo either protonolysis to afford the monoalkylation product, or 
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a further insertion/migration step to introduce a second norbornyl group.  This cycle occurs 
repeatedly to lead to the tetra-alkylation product.      
 
 
Scheme 29.  Multiple alkylation of phenyl boronic acid by norbornene.    
 
 After Miura’s pioneering report, this chemistry was further extended by Murakami and 
Cramer by using cyclobutane derivatives.  For example, Cramer reported the isomerization of 
cyclobutanols to indanols mediated by a rhodium(I) catalyst (Scheme 30).30c  The mechanism of 
this isomerization is proposed as Scheme 31.  The key alkylrhodium intermediate is generated by 
β-carbon elimination from the rhodium alkoxide species, which is in turn formed by ligand 
exchange with cyclobutanol.  Then, the rhodium center of alkylrhodium intermediate migrates to 
the ortho Ph position to form an arylrhodium intermediate.  Finally, this species undergoes 
intramolecular addition across the carbonyl group to furnish the indanol.     
 
 
Scheme 30.  Isomerization of cyclobutanol to indanol.    
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Scheme 31.  Plausible mechanism for the reaction of Scheme 30.    
 
(ii) Vinyl-to-aryl 1,4-Rh migration31 
 The vinyl-to-aryl 1,4-Rh migration is the most common reaction in rhodium migration 
systems.  This type of reaction was first discovered by Hayashi in the Rh(I) catalyzed 
hydroarylation of alkynes.31a  In this reaction, treatment of 4-octyne with C6D5B(OH)2 in H2O 
gives the corresponding hydroarylation product where one of the deuterium atoms on the ortho 
positions of the C6D5 moiety is transfered to the vinyl position (Scheme 32, left).  On the other 
hand, when the reaction of 4-octyne with (PhBO)3 is carried out in D2O, the hydroarylation 
product does not incorporate a deuterium atom on the vinyl carbon, whereas deuterium is 
observed at one of the ortho positions of the phenyl group (Scheme 32, right).  These results 
clearly demonstrate that rhodium atom moves from the vinyl position of the vinylrhodium 
intermediate to the ortho position of the phenyl group as illustrated in Scheme 33.   
 
 
Scheme 32.  Experimental evidence of vinyl-to-aryl 1,4-Rh migration.    
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Scheme 33.  Plausible mechanisms of Scheme 32.    
 
 Application of the vinyl-to-aryl 1,4-migration for the isomerization of α-arylpropargyl 
alcohols to indanones has been reported independently by Hayashi31c and Iwasawa31d almost at 
the same time.  Mechanism of this reaction is shown in Scheme 34.  The reaction is initiated with 
ligand exchange between the rhodium catalyst and the substrate alcohol followed by β-hydrogen 
elimination to form a hydrido(alkynone) rhodium intermediate.  Then, this species undergoes a 
conjugate hydridorhodation followed by 1,4-Rh migration to afford an arylrhodium intermediate.  
The subsequent intramolecular insertion and hydrolysis provides the final product (Scheme 35).  
In this reaction, SiMe3 substituent is essential; when SiMe3 was substituted to a phenyl group, 
the product was obtained only 39% yield.  Following these reports, vinyl-to-aryl 1,4-Rh 
migration have been applied to several catalytic cyclization reaction.31e,f,h,i    
 
 
Scheme 34.  Isomerization of α-arylpropargyl alcohols to indanones. 
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Scheme 35.  Plausible mechanisms of Scheme 34.    
 
 Recently, Hayashi disclosed the rhodium catalyzed conjugate addition of (E)-1,2-
diphenyletheniyboronic acid with 2-cyclohexenone to afford 3-[2-((E)-2-
phenylethenyl)phenyl]cyclohexanone, which involves the vinyl-to-aryl 1,4-Rh migration in its 
mechanism (Scheme 36).31j,k  DFT calculations for this reaction suggested that the 1,4-Rh 
migration occurs via the CH oxidative addition to form a distored square-pyramidal Rh(III)-
hydrido intermediate and the subsequent reductive elimination.  This provides the first 
mechanistic information for the 1,4-Rh migration.     
 
 
Scheme 36.  Conjugate addition of (E)-1,2-diphenylrtheniybronic acid with 2-cyclohexanone.  
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1-3-3,  Other migrations 
(i) 1,4-migration of other metals 
 A few examples of the 1,4-migration of other metals have also been reported.  For 
example, Yoshikai found the vinyl-to-aryl 1,4-Co migration in the hydroarylation of internal 
alkynes by using [CoCl2(xantphos)] and arylzinc reagents (Scheme 37).32  Related vinyl-to-aryl 
1,4-Ir migration33 and aryl-to-aryl 1,4-Ni migration34 were reported by Lam and Johnson, 
respectively.     
 
ZnX
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THF, 60 °C
Bu
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Bu
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H
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Scheme 37.  Vinyl-to-aryl 1,4-Co migration.  
 
(ii) 1,5- and 1,3-metal migration  
 Compared with 1,4-migrations, far fewer examples of 1,5-migrations are known.35,36  
This is probably due to the difficulty in forming the six-membered metalacycle, as well as the 
greater distance between the metal center and the C–H bond.  The first aryl-to-aryl 1,5-Rh 
migration was demonstrated by Chatani in the decyanative silylation of nitriles.36a  As shown in 
Scheme 38, the silylation of 2-phenoxybenzonitrile derivatives with hexamethyldisilane in the 
presence of a rhodium catalyst affords two kinds of silylation products; one has a SiMe3 
substituent at the position where the nitrile group originally resides, and the other has one at the 
ortho position of the other aryl ring.  The formation of the latter product clearly indicates that 
arylrhodium intermediate generated by the cleavage of C–CN bond underwent the 1,5-migration.   
 In addition to this reaction, an example of the alkyl-to-aryl 1,5-Rh migration was 
reported by Murakami in 2013,36b and two examples of the vinyl-to-aryl 1,5-Pd migrations were 
demonstrated by Suffert35a,b and Hayashi35c in 2005 and 2012, respectively.   
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Scheme 38.  Aryl-to-aryl 1,5-Rh migration.   
 
 
Scheme 39.  Aryl-to-aryl formal 1,3-Rh migration.   
 
 On the other hand, 1,3-metal migration is still unprecedented.  Recently, Zhao 
demonstrated the rhodium(I) catalyzed decarboxylative conjugate addition between 2,6-
dimethoxybenzoic acid t-butyl acrylate (Scheme 39).37  Interestingly, product of this reaction 
shows that a new C–C bond was formed at a meta position instead of the ipso position of the 
carboxylic acid, indicating that the rhodium atom underwent the 1,3-migration prior to the 
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alkylation step.  However, mechanistic studies by the deuterium labeling experiment uncovered 
that this reaction occurred through the consecutive double 1,4-migrations.  Therefore, prior to 
author’s study, the direct 1,3-migration has never been reported.     
 
1-4, Overview of this Dissertation 
 The author has reviewed the vinylidene rearrangement of alkynes and 1,n-metal 
migration in this Chapter.  As briefly summarized above, the chemistry of bis(hydrocarbyl)-
substituted vinylidene complex has not been developed enough because the synthetic methods of 
this class of complexes have been limited to β-alkylation of alkynyl complex and direct 
rearrangement of acyl alkynes.  Therefore, he has aimed to discover direct formation of carbon 
disubstituted vinylidenes from general internal alkynes.  On the other hand, for the chemistry of 
the 1,n-migration, it should be mentioned that detailed nature of this type of metal migrations 
still remains unexplored, for example, in the vinyl-to-aryl 1,4-migration, characterization of key 
intermediates as well as observation of reversibility of this process has never been reported, 
although some information in aryl-to-aryl 1,4-migration are available in literature.  Furthermore, 
1,3-metal migration is unprecedented.     
 In Chapter 2, vinylidene rearrangement of general internal alkynes at group 8 complexes 
such as Ru(P3O9)−, CpRu, and CpFe, has been described, and the relationship between reactivity 
and migratory aptitude of alkyne substituents has been investigated by means of 13C labeling 
internal alkynes, PhC≡13CC6H4X-p.  In addition, the reverse reaction of vinylidene 
rearrangement (disubstituted vinylidene-to-internal alkyne) has also been described.     
 In Chapter 3, the author turned his attention to a metal system with an η5-indenyl ligand, 
and found that competition of alkyne insertion/β-carbon elimination and vinylidene 
rearrangement was observed in the reaction of [(η5-C9H7)Ru(dppe)]+ with RC≡CMe.   
 During the studies for Chapter 2 and 3, the author has investigated into the reaction of 
internal alkynes with group 8–d6 metal complexes as the reaction site for the internal alkyne-to-
vinylidene rearrangement.  In Chapter 4, the author has switched the reaction site to the group 9–
d6 complex, and found that the structurally well-difined vinyl-to-aryl 1,4-Rh migration reaction 
is achieved by the reaction of [Cp*Rh(Ph)(PR3)]+ (R = Ph, Me) with R1C≡CR2.  In addition, the 
reversibility of this process has also been established during the investigation into the substituent 
effect by using [Cp*Rh(C6H4Me-p)(PMe3)]+.  It is also found that not only the 1,4- but also 
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direct 1,3-Ir(III) migration takes place under mild conditions from the reaction of 
[Cp*Ir(Ph)(PMe3)]+ toward internal alkynes.   
 In Chapter 5, the final Chapter of this dissertation, a conclusion throughout this study as 
well as perspectives of this chemistry have been described.      
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Chapter 2 
Direct Formation of Disubstituted Vinylidenes from 
Internal Alkynes at Ru(II) and Fe(II) Complexes and 
Its Reversibility 
 
Anionic ruthenium cyclotriphosphato complex with a labile MeOH ligand 
[Ru(P3O9)(MeOH)(dppe)]– as well as cationic ruthenium and iron complexes [CpM(PP)]+ (M = 
Ru, Fe; PP = dppe, 2PPh3) can affect the vinylidene rearrangement of general internal alkynes 
via the 1,2-migration of alkyl, aryl, and acyl groups.  These reactions provide the first internal 
alkyne-to-vinylidene isomerization with high generality.  Several intermediary η2-alkyne 
complexes could be isolated and were successfully transformed into the corresponding 
vinylidene complexes.  The reaction mechanism is also discussed on the basis of a kinetic study 
and migratory aptitude of alkyl, aryl, and acyl groups.   
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2-1, Introduction 
 As already mentioned at General Introduction, terminal alkynes are readily converted 
into the corresponding vinylidenes at transition-metal complexes by the direct 1,2-hydrogen 
migration, C–H oxidative addition–1,3-hydrogen migration, sequential protonation-
deprotonation, and other mechanisms (Figure 1).1  This tautomerization is now recognized as the 
key step in many metal-promoted or -catalyzed transformations of alkynes.2   
 
 
Figure 1. Mechanisms of the terminal alkyne-to-vinylidene rearrangement.   
 
 Heteroatom-substituted alkynes such as silyl-,3 stannyl-,4 thio-,5 and iodoalkynes6 are 
also known to undergo similar rearrangement (Figure 2).  In contrast, migration of carbon 
substituents of internal alkynes has been limited to very few rearrangements of acylalkynes.7   
 
 
Figure 2. Limitation of substrates in alkyne-to-vinylidene rearrangement.   
 
 To overcome this limitation and broaden the scope of the vinylidene rearrangement, the 
author turned his attention to discover the synthetic method of carbon disubstituted vinylidenes 
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from various internal alkynes, and found that not only ruthenium P3O9 complex but also 
commonly used CpRu and CpFe complexes can affect the general internal alkyne-to-vinylidene 
rearrangement.   
 In addition, the reverse process, i.e., the conversion of 1-disubstituted vinylidenes to the 
2-internal alkynes has also poorly been explored; the only example reported so far is the 
irreversible conversion of 1-vinylidenes in [CpFe(CO)2{=C=C(Ph)Me}](OTf) into the 
corresponding 2-alkyne complexes (Scheme 1).8,9,10  Now, the author has experimentally 
demonstrated for the first time that internal alkyne-to-vinylidene isomerization is potentially 
reversible.   
 
 
Scheme 1. Vinylidene-to-alkyne irreversible isomerization.   
 
2-2, Results and discussions 
2-2-1, Internal alkyne-to-vinylidene isomerization at a cyclotriphosphato ruthenium 
complex   
 The author first focused on the transition-metal cyclotriphosphato (P3O93−) complexes 
which are structurally related to the hydroxyapatite-supported metal catalysts.11  It has revealed 
that this class of organometallic complexes exhibit unique structural and chemical properties 
based on the circular array of P–O groups as an effective -donor set.12  Coordination chemistry 
of ruthenium P3O9 complexes has not been explored extensively, but photochemical ligand 
substitution of the benzene complex (PPN)[Ru(P3O9)(C6H6)] (1)13 was found to be a versatile 
entry to reactive ruthenium species.  Thus, UV-irradiation of 1 in MeOH–CH2Cl2 in the presence 
of dppe (1.2 equiv) led to isolation of the MeOH complex (PPN)[Ru(P3O9)(MeOH)(dppe)] (2) in 
71% yield as orange crystals (Scheme 2).  An X-ray diffraction study of 2·3MeOH has 
confirmed its molecular structure with an octahedral geometry in which three facial coordination 
sites are occupied by the axial oxygen atoms of the P3O9 ligand.  The MeOH ligand in 2 is highly 
labile and readily replaced by N2 in CH2Cl2 to form (PPN)[Ru(P3O9)(N2)(dppe)] (3), which 
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exhibits N≡N band at 2154 cm−1 in the IR spectrum.  On dissolution in MeOH under argon, 3 is 
quickly converted back to 2 (Scheme 2).   
 
Scheme 2.  Formation of 2 and 3.   
 
 When 2 was allowed to react with 1-phenyl-1-propyne (2.6 equiv) in C2H4Cl2 at 70 °C 
for 3 days, the vinylidene complex (PPN)[Ru(P3O9)(=C=C(Ph)Me)(dppe)] (4a) was obtained in 
85% yield as green crystals (Scheme 3).  Complex 4a exhibits 13C{1H} NMR signals at  369.0 
(t, 2JPC = 20 Hz) and 118.2 (s) characteristic of the  and  carbons of a vinylidene ligand, 
respectively.  The molecular structure of 4a has been determined unambiguously by an X-ray 
diffraction study to confirm that either Me or Ph migration took place to form the disubstituted 
vinylidene ligand (Figure 3, left).  The metrical features including the Ru–C and C–C bond 
distances of 1.842 (4) and 1.277(5) Å, respectively, and the Ru–C–C bond angle of 178.4(3)° 
are comparable to common Ru(II)-vinylidene complexes.7,14   
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Scheme 3.  Reaction of 2 with internal alkynes. 
 
 Similar reactions were also observed with other internal alkynes such as 4b–4g, 
providing the first example of alkyne-to-vinylidene rearrangement of general internal alkynes.  It 
should be noted that the rate of the reaction is strongly dependent on the substituents; the 
reactions of 4a, 4b, and 4g are relatively slow and take long time (3 days) to go to completion, 
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while that of 4c, 4e, and 4f are completed within 3–6 h under the same conditions (70 °C).  In 
none of these reactions intermediate complexes could be isolated.   
 
 
Figure 3.  ORTEP drawings of 4a (left) and 5j (right). Cationic part and hydrogen atoms are 
omitted for clarity.  Selected interatomic distances (Å) and angles (deg): 4a, Ru1–C1, 1.842(4); 
C1–C2, 1.277; Ru1–C1–C2, 178.4(3); C1–C2–C3, 124.1(3); C1–C2–C4, 117.1(4); C3–C2–C4, 
118.5(3). 5k, Ru1–C1, 2.203(6); Ru1–C2, 2.130(6); C1–C2, 1.169(8); Ru1–C1–C2, 70.9(4); 
Ru1–C1–C3, 128.3(5); C2–C1–C3, 160.6(7); Ru1–C2–C1, 77.8(4); Ru1–C2–C4, 151.4(4); C1–
C2–C4, 130.7(6).   
 
 On the other hand, treatment of 2 with ester substituted internal alkynes R1C≡CR2 at 
50 °C resulted in the formation of the 2-alkyne complexes (PPN)[Ru(P3O9)(R1C≡CR2)(dppe)] 
(5h: R1 = R2 = CO2Me; 5i: R1 = R2 = CO2Et; 5j: R1 = Me, R2 = CO2Et; 5k: R1 = Et, R2 = CO2Et) 
in 66–85% isolated yields (Scheme 4), which were characterized by the 13C{1H} NMR signals at 
 72–87 (coordinated C≡C) and the IR absorption at 1920–1950 cm−1 (C≡C) as well as by a 
crystallographic study of 5j (Figure 3, right).  These alkyne complexes were further transformed 
into the corresponding vinylidene complexes 4h–5k in 54–85% isolated yields either by heating 
in C2H4Cl2 (up to 5 days) or more effectively by UV-irradiation at room temperature.  Obviously, 
in these cases, the vinylidene rearrangement is much slower than the alkyne coordination.   
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Scheme 4.  Isomerization of 5 to 4. 
 
 A preliminary kinetic study on the conversion of 5k to 4k at 70 °C in the presence of 
excess EtC≡CCO2Et by means of 31P{1H} NMR clearly indicated that the reaction obeys the first 
order kinetics with the apparent rate constant (k) of 3.09 × 10−5 s−1 (Figure 4, Table 1).  This 
result demonstrated that the reaction proceeds via an intramolecular process, which is further 
supported by the fact that crossover of the alkyne substituents was not observed in the reactions 
with unsymmetric alkynes.  On the other hand, judging from the normal N≡N value of 3,15 the 
oxidative addition of an internal alkyne to the 16e [RuII(P3O9)(dppe)]− fragment to form the 
(alkyl/aryl)(alkynyl) complex seems unlikely.  Therefore the author presume that the present 
vinylidene rearrangement involves the 1,2-alkyl/aryl shift of the intermediary alkyne complex.  
Theoretical studies on the terminal alkyne-to-vinylidene rearrangement have also suggested that 
the 1,2-hydrogen shift mechanism is most commonly operative with a Ru(II) center.16   
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Figure 4. Plot of ln [5k]/[5k0] vs. time for the coversion of 5k to 4k at 70 °C (run 1 of Table 1). 
 
Table 1.  Kinetic Data for the Isomerization of 5k to 4k. 
run a c, M b k, 10−5 s−1 c R2 d 
1 8.45 3.09(2) 0.998 
2 16.9 3.05(2) 0.998 
3 25.4 3.13(2) 0.998 
a The concentration of ethyl 2-pentynoate was same (189 M) for all 
experiments.  b Initial concentration of 5k.  c Calculated first-order reaction 
rate conatants for the isomerization of 5k to 4k.  d Correlation coefficient.   
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2-2-2,  Internal alkyne-to-vinylidene isomerization at CpRu and CpFe complexes   
 The author next aimed to expand this reaction to more commonly used CpRu systems, 
and initially examined the reaction of [CpRuCl(dppe)] (6) with PhC≡CC6H4OMe-p, which was 
found to be the most reactive in the reaction with 2.  When 6 was allowed to react with 
PhC≡CC6H4OMe-p (4 equiv) in the presence of NaBArF4 (1.2 equiv) in C2H4Cl2 at 70 ˚C for 0.5 
h, the vinylidene complex [CpRu(=C=C(Ph)C6H4OMe-p)(dppe)][BArF4] (7a) was obtained in 
88% yield as red crystals (Scheme 5).  Use of NaBArF4 was essential for the selective formation 
of 7a; use of either AgPF6 or NaBPh4 instead of NaBArF4 resulted in the formation of a complex 
mixture containing 7a.  Complex 7a exhibits 13C{1H}NMR signals at δ 350.4 (t, 2JPC = 16 Hz) 
and 133.3 (s) characteristic of the α and β carbons of a vinylidene ligand, respectively.   
 
 
Scheme 5.  Reaction of 6 with internal alkynes and NaBArF4.   
 
 The molecular structure of 7a has been established unambiguously by X-ray analysis to 
confirm that migration of an aryl group took place to form the disubstituted vinylidene ligand 
(Figure 5, left).  The metrical features including the Ru–C1 and C1–C2 bond distances of 
1.838(4) and 1.327(6)A˚, respectively, and the Ru–C1–C2 bond angle of 173.3(2)˚ fall in the 
range of common RuII–vinylidene complexes.7,14  Similar reactions were also observed with 
diphenylacetylene derivatives, 1-phenyl-1-propyne, and 1,3-diphenylprop-2-yn-1-one to give the 
corresponding vinylidenes 7b–7g in high yields.   
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Figure 5.  ORTEP drawings of 7a (left) and 8h (right). Anionic part and hydrogen atoms are 
omitted for clarity.  Selected interatomic distances (Å) and angles (deg): 7a, Ru1–C1, 1.838(4); 
C1–C2, 1.327(6); Ru1–C1–C2, 173.3(2); C1–C2–C3, 122.5(3); C1–C2–C9, 118.4(3); C3–C2–
C9, 119.0(3). 8f, Ru1–C1, 2.231(5); Ru1–C2, 2.203(5); C1–C2, 1.229(7); Ru1–C1–C2, 72.7(3); 
Ru1–C1–C3, 143.3(4); C2–C1–C3, 144.0(5); Ru1–C2–C1, 75.2(3); Ru1–C2–C4, 130.9(3); C1–
C2–C4, 153.6(5).   
 
 On the other hand, treatment of 6 with EtC≡CMe (7 equiv) at 70 ˚C for 1 h resulted in the 
formation of the η2-alkyne complex [CpRu(EtC≡CMe)(dppe)][BArF4] (8h) in 86% isolated 
yield as yellow needles (Scheme 5), which was characterized by the 13C{1H}NMR signals at δ 
77.8 and 82.1 (coordinating C≡C) and the IR absorption at 1951 cm−1 (νC≡C) as well as by 
crystallographic study (Figure 5, right).  The alkyne complex 8h was further transformed into the 
corresponding vinylidene complex 7h as the sole product by heating in C2H4Cl2 for 10 days.  
Unlike the P3O9–alkyne complexes (PPN)[Ru(P3O9)(RC≡CR)(dppe)], 8h was not converted into 
7h by UV irradiation.   
 Similar vinylidene formation took place at the PPh3 complex [CpRuCl(PPh3)2] (9) to give 
[CpRu(=C=C(Ph)Ar)(PPh3)2][BArF4] (10) in high yields (Scheme 6, Figure 6. left).  In addition, 
indenylruthenium complex [(η5-C9H7)RuCl(dppe)] (11) also affected for the vinylidene 
rearrangement of PhC≡CC6H4OMe-p, and [(η5-C9H7)Ru(=C=C(Ph)C6H4OMe-p)(dppe)][BArF4] 
(12) was obtained in good yield (Scheme 7).  These results indicate that the vinylidene 
rearrangement of internal alkynes enjoys considerably high applicability as a synthetic method 
for disubstituted vinylidene complexes.   
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Scheme 6.  Reactions of 9 with internal alkynes and NaBArF4.   
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p
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Scheme 7.  Reaction of 11 with PhC≡CC6H4OMe-p and NaBArF4. 
 
 
Figure 6.  ORTEP drawings of 10a (left) and 14a (right). Anionic part and hydrogen atoms are 
omitted for clarity.  Selected interatomic distances (Å) and angles (deg): 10a, Ru1–C1, 1.850(3); 
C1–C2, 1.320(4); Ru1–C1–C2, 169.8(2); C1–C2–C3, 117.1(2); C1–C2–C9, 123.0(3); C3–C2–
C9, 119.9(2). 14a, Fe1–C1, 1.759(4); C1–C2, 1.310(5); Fe1–C1–C2, 174.7(2); C1–C2–C3, 
124.4(2); C1–C2–C9, 118.8(3); C3–C2–C9, 116.8(3).   
 
 The disubstituted vinylidene formation also proceeded with a CpFe system.  Although 
[CpFeCl(dppe)] (13) failed to react with PhC≡CAr in C2H4Cl2 in the presence of NaBArF4 by the 
formation of paramagnetic iron complex [CpFeCl(dppe)][BArF4], the desired vinylidene 
complexes [CpFe(=C=C(Ph)Ar)(dppe)][BArF4] (14) were obtained in high yields by using 
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benzene as the solvent (Scheme 8).  Complexes 14 were fully characterized by spectroscopy as 
well as an X-ray diffraction study of 14a (Figure 6, right).  This reaction provides the first 
example of the internal alkyne-to-vinylidene isomerization at an iron complex.  It should be 
noted that the reverse process, that is, vinylidene-to-alkyne rearrangement was observed with the 
carbonyl complex [CpFe(CO)2(=C=CR2)](OTf) (Tf = SO2CF3).8   
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Scheme 8.  Reaction of 11 with internal alkynes and NaBArF4.   
 
2-2-3, Migratory aptitudes of carbon substituents 
 The author succeeded to find the novel internal alkyne-to-vinylidene rearrangement at 
Ru(II) and Fe(II) complexes.  To gain deeper insight into the reaction mechanism, migratory 
aptitude of aryl groups has been investigated by the reactions of 2 or 6 with 13C-enriched alkynes 
PhC≡13CAr (ca. 26% 13C).  Migration of the Ar group gives rise to the -13C labeled vinylidene 
complex, while the Ph migration leads to the -13C labeled product (Scheme 9, Figure 7).   
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Scheme 9.  Migratory aptitudes of carbon substituents.  The asterisks represent 13C-enriched 
carbon atoms.   
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Figure 7. 13C{1H} NMR spectra of 4f-13C (top) and 4f (bottom).    
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Figure 8. The Hammett plot of log(Ar migration)/(Ph migration) against σP in the vinylidene 
rearrangement at [CpRu(dppe)]+. 
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 As listed in Scheme 9, detailed 13C{1H}NMR analysis of the reaction products with a 
series of 13C-labeled alkynes disclosed that the migratory aptitude of alkyne substituents is in the 
order C6H4CO2Et-p > C6H4Cl-p > C6H5 > C6H4Me-p > C6H4OMe-p.  Hammett analysis of the 
relative migratory aptitude at 6 indicates a linear correlation between σp and log[(Ar 
migration)/(Ph migration)], where the ρ value is estimated to be 2.53 (R2 = 0.97, Figure 8).17   
 The above results clearly show that electron withdrawing groups enhance the migratory 
aptitude, and this order is opposite to that of common organic nucleophilic rearrangements, in 
which the migrating group behaves as a formal carbanion.18  It is also interesting to note that the 
reaction rate of the vinylidene rearrangement, which is predicted from the reaction time in 
Schemes 5 and 6, is not parallel with the migratory aptitude of the substituents.  Especially in the 
series of 1-aryl-2-phenylacetylenes, the orders of the reactivity and migratory aptitude are 
opposite to each other.  Although the above result seems to suggest a mechanism involving the 
unprecedented electrophilic 1,2-migration of the carbon substituents, Takano’s recent DFT 
calculations revealed that this rearrangement is nucleophilic in nature and accelerated by 
stabilization of a partial positive charge on the acceptor (β) carbon in the transition state by the 
more electron-donating substituent (Scheme 10).19  This theoretical result could give good 
explanation for the relationship between the reactivities and migratory aptitudes of alkyne 
substituents.   
 
 
Scheme 10. Proposed transition state of internal alkyne–vinylidene interconversion.    
 
2-2-4, Vinylidene-to-alkyne rearrangement 
 When the disubstituted vinylidene complex [CpRu{=C=C(Ph)C6H4OMe-
p}(dppe)][BArF4] (7a) was allowed to react with PPh3 (1.2 equiv) in toluene at 100 °C for 1 h, a 
color change from red to pale yellow was observed, and the 31P{1H} NMR analysis of the 
solution indicated the complete consumption of 7a.  GC analysis of the reaction mixture showed 
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liberation of the internal alkyne PhC≡CC6H4OMe-p from 7a in 83% yield.  As the 
organometallic product,  [CpRu(dppe)(PPh3)][BArF4] (15a) was isolated in good yield as pale 
yellow crystals, which was confirmed by spectroscopic and elemental analysis as well as by an 
X-ray study.  As summarized in Table 2, diarylalkynes with various substituents at the para 
position were also obtained in good yields from the (aryl)(phenyl)-substituted vinylidenes 7b–7e 
(entries 2–5), where the electron-donating substituents enhanced the reaction rate.  -Alkyl and -
acyl groups were tolerant in the reaction (entries 6 and 7), but the conversion of alkylaryl 
vinylidene complex 7f was much slower than that of diarylvinylidene complexes.  Similar 
reaction with other tertiary phosphines such as PMe2Ph, PMe3, and P(OPh)3 proceeded smoothly 
to give the corresponding alkyne and phosphine-ligated complexes [CpRu(dppe)(P)][BArF4] 
(15b, P = PMe2Ph; 15c, P = PMe3; 15d, P = P(OPh)3) (entries 9–11).  In the absence of a 
phosphine ligand, disubstituted vinylidenes were stable in MeCN (entry 12), whereas, the 
indenylruthenium disubstituted vinylidene complex 12 reacted with MeCN to give 
PhC≡CC6H4OMe-p and the Ru-NCMe complex [(5-C9H7)Ru(dppe)(NCMe)][BArF4] (16) 
(Scheme 11).20   
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Table 2. Reaction of disubstituted vinylidene complexes 7 with La 
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Scheme 11. Reaction of 4 with MeCN.   
 
 Since 7 and 12 are directly obtained by the reaction of [CpRuCl(dppe)] and [(5-
C9H7)RuCl(dppe)] with internal alkynes in the presence of NaBArF4, these observations provide 
the first examples in which the reversible conversion between internal alkynes and disubstituted 
vinylidenes is experimentally confirmed.   
 Not only the ruthenium complexes 7 and 12, the disubstituted vinylideneiron complex 
14a undergoes vinylidene-to-alkyne rearrangement on treatment with PPh3 in toluene at 100 °C 
to give alkyne PhC≡CC6H4OMe-p and the PPh3-ligated complex [CpFe(dppe)(PPh3)][BArF4] 
(17) (Scheme 12).  It should be noted that only the disubstituted vinylidene-to-alkyne 
rearrangement was observed at [CpFe(CO)2]+ as already mentioned,8 while [CpFe(dppe)]+ can 
promote both conversions.   
 
 
Scheme 12. Reaction of 14a with PPh3. 
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2-2-5, Kinetic studies 
b
k
a
b  
Table 3. Effect of concentration and types of phosphine on the first-order rate constants kobs for 
the conversion of 7c into 15a.   
 
 The kinetic aspects of the reaction were revealed by following the conversion of the 
disubstituted vinylidene complex 7c into the phosphine complex 15 by means of 31P{1H} NMR 
spectroscopy at 100 °C (Table 3).  No intermediate species was detected, and the reaction could 
be treated as first-order on the concentration of 7c.  As listed in Table 3, the observed rate 
constant (kobs) was estimated as 4.65(6) × 10–5 s–1 in the presence of 1.2 equiv of PPh3 (entry 1), 
and this value was not affected at this temperature neither by the concentration of added PPh3 
(entries 1–4) nor by that of added diphenylacetylene (entry 5).  In addition, essentially the same 
kobs values were obtained even when different phosphines were used (entries 2 and 6–8).  On the 
basis of these observations, the present reaction is deduced to be a two-step successive reaction 
involving the intramolecular isomerization of the starting disubstituted vinylidene complex (1V) 
to 2-internal alkyne intermediate (1A) followed by the ligand substitution to give 15a (Scheme 
13).  Judging from the coordinatively saturated nature of 1A, the latter process is considered to 
proceed by the dissociative mechanism, but the zero-order dependence on the concentration of 
added phosphine and internal alkyne indicates that the isomerization process from 1V to 1A is 
the rate-determining step.  This view agrees with the fact that the concentration of 1A remains 
lower than the observation limit by 31P{1H} NMR.   
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Scheme 13. Mechanism of the ligand substitution. 
 
2-2-6, Migratory aptitude of carbon substituents 
 To gain further insight into the isomerization mechanism, we have next investigated 
migratory aptitude of the substituents in disubstituted vinylidene complexes 7 using 13C-enriched 
vinylidene complexes 7-13C (Table 4).  Migrations of R group in 7-13C and phenyl group in 7-
13C (denoted as R-migration and Ph-migration, respectively) give rise to internal alkynes 
PhC≡13CAr.  Similarly, Ph-migration from 7-13C and R-migration from 7-13Cleads to the 
formation of Ph13C≡CAr.  Detailed 13C{1H} NMR analyses disclosed the ratio of R-
migration/Ph-migration as shown in the table, where the migratory aptitude is in the order 
C6H4CO2Et-p > C6H4Cl-p/C6H5 > C6H4Me-p > C6H4OMe-p.  Hammett analysis of the relative 
migratory aptitude of aryl groups indicates an almost linear correlation between P and log[(Ar-
migration)/(Ph-migration)] ( = 2.83) (Figure 9).   
 
Figure 9. The Hammett plot of log(Ar migration)/(Ph migration) against σP in the vinylidene-to-
alkyne rearrangement at [CpRu(dppe)]+. 
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Table 4. Migratory aptitude in the reaction of 7-13C with PPh3a 
 
 The above order of the migratory aptitude is opposite to that of common nucleophilic 
rearrangement in organic chemistry where the migrating group moves with its electron pair but 
almost same that for internal alkyne–disubstituted vinylidene isomerization at an anionic 
Ru(P3O9) complex4a and cationic CpRu and CpFe complexes, which are already described in 2-
2-3.  It should also be noted that reactivity of disubstituted vinylidenes 7 for the present 
rearrangement is not controlled by the migratory aptitude of the substituents; 7a with C6H4OMe-
p substituent, which shows the lowest migratory aptitude, reacts the fastest.  This tendency was 
also observed for the internal alkyne-to-vinylidene isomerization at [(P3O9)Ru]–, [CpRu]+, and 
[CpFe]+ complexes.  These experimental data were well explained by the Takano’s recent DFT 
calculations; this rearrangement is nucleophilic 1,2-migration of carbon substituent and 
accelerated by stabilization of a partial positive charge on the acceptor (β) carbon in the 
transition state by the more electron-donating substituent.19  Therefore, electron donating 
substituents enhance the reactivity toward internal alkyne–vinylidene interconversion and lower 
its migratory aptitude.   
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2-3. Conclusion 
 In conclusion, the author has revealed that the reaction of cyclotriphosphato ruthenium 
complex (PPN)[Ru(P3O9)(MeOH)(dppe)] (2) with internal alkynes afforded the corresponding 
vinylidene complexes 4, providing the first example of general internal alkyne-to-vinylidene 
isomerization.  Similar reaction also proceeded at commonly used ruthenium and iron complexes 
such as [CpRuCl(dppe)] (6), [CpRuCl(PPh3)2] (9), [(η5-C9H7)RuCl(dppe)] (11), and 
[CpFeCl(dppe)] (13).  Detailed analysis for mechanism revealed that present reaction is occurred 
via the nucleophilic 1,2-migration of the carbon substituents, and electron withdrawing groups 
enhance the migratory aptitude of alkyne substituents.  In addition, the author has also 
demonstrated that the reaction of 7, 12, and 14 with tertiary phosphines (PR′3) afforded the 
phosphine complex [CpRu(PR′3)(dppe)][BArF4] (15), providing the first reversible 
interconversion between internal alkynes and disubstituted vinylidenes.  Investigation into the 
migratory aptitude of the present vinylidene-to-alkyne isomerization showed a similar tendency 
with the corresponding alkyne-to-vinylidene isomerization.   
 
Experimental section 
General Considerations.  All manipulations were carried out under an argon atmosphere by 
using standard Schlenk techniques unless otherwise noted.  Photoirradiation was carried out with 
an USHIO Optical ModuleX (ultrahigh-pressure Hg lamp, 250 W).  1,2-Dichloroethane 
(C2H4Cl2) and dichloromethane (CH2Cl2) were dried and distilled over P4O10, degassed, and 
stored under an argon atomosphere.  The other solvents (dehydrated-grade) were purchased from 
Aldrich and used as received.  Phenylacetylene-2-13C (PhC≡13CH) was purchased from Taiyo 
Nippon Sanso Co. and used as a ca. 26% 13C-enriched reagent.  13C-enriched substituted 
diphenylacetylenes PhC≡13CC6H4OMe-p,21 PhC≡13CC6H4Me-p,21 PhC≡13CC6H4Cl-p,21 and 
PhC≡13CC6H4CO2Et-p21 were prepared from PhC≡13CH by the literature methods.  
(PPN)3P3O9·H2O22, [RuCl2(C6H6)]2,23 NaBArF4·2H2O,24 [CpRuCl(PPh3)2] (9),25 and [(5-
C9H7)RuCl(dppe)]26 were prepared according to the literature methods.  1H (500 MHz), 13C{1H} 
(126 MHz), and 31P{1H} (202 MHz) NMR spectra were recorded on a JEOL ECA-500 
spectrometer by using CD2Cl2 as the solvent unless otherwise noted.  IR spectra were recorded 
on a JASCO FT/IR-410 spectrometer by using KBr pellets.  Elemental analyses were performed 
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on a Perkin Elmer 2400 series II CHN analyzer.  Amounts of the solvent molecules in the 
crystals were determined not only by elemental analyses but also by 1H NMR spectroscopy.   
(PPN)[Ru(P3O9)(C6H6)] (1).  The following procedure is modified from the preparation method 
for (Bun4N)[Ru(P3O9)(C6H6)] originally reported by Klemperer.27  A mixture of 
(PPN)3P3O9·H2O (2.240 g, 1.197 mmol) and [RuCl2(C6H6)]2 (301.8 mg, 0.603 mmol) in CH2Cl2 
(10.0 mL) was stirred overnight at room temperature.  The brown reaction mixture was 
evaporated to dryness, and the residue was washed with acetone.  The resultant solid was 
extracted with MeOH, and the solvent was evaporated.  The residue was recrystallized from 
CH2Cl2–Et2O to give (PPN)[Ru(P3O9)- (C6H6)]·3CH2Cl2 as brown crystals, which gave off a part 
of CH2Cl2 molecules when dried in vacuo to give brown solids with the empirical formula 
(PPN)[Ru(P3O9)(C6H6)]·0.5CH2Cl2 (897.7 mg, 0.900 mmol, 75% yield).  1H NMR (CDCl3):  
5.66 (s, 6H, C6H6), 7.42–7.62 (m, 30H, PPN).  31P{1H} NMR (CDCl3):  –7.3 (s, P3O9), 21.0 (s, 
PPN).  Anal. Calcd for C42.5H37ClNO9P5Ru: C, 51.19; H, 3.74; N, 1.40. Found: C, 51.54; H, 
3.98; N, 1.34. 
(PPN)[Ru(P3O9)(MeOH)(dppe)] (2).  A mixture of 1·0.5CH2Cl2 (800.9 mg, 0.803 mmol) and 
1,2-bis(diphenylphosphino)ethane (dppe; 381.0 mg, 0.956 mmol) in CH2Cl2 (5 mL) and MeOH 
(5 mL) was irradiated with an ultrahigh-pressure Hg lamp at room tempereture for 1 h.  The 
resulting orange solution was layered by Et2O to give orange crystals of 2·3MeOH (885.7 mg, 
0.631 mmol, 79% yield).  1H NMR (CD3OD):  2.71–2.91 (m, 4H, CH2 of dppe), 7.25–8.02 (m, 
50H, Ar).  The 1H NMR signals for the coordinated MeOH were indistinguishable from free 
MeOH even in CD2Cl2.  31P{1H} NMR (CD3OD):  –8.9 (t, J = 19 Hz, P3O9), –8.4 (d, J = 19 Hz, 
P3O9), 21.0 (s, PPN), 78.6 (s, dppe).  IR (cm–1): 3400 (br, OH).  Anal. Calcd for 
C66H70NO13P7Ru: C, 56.49; H, 5.03; N, 1.00.  Found: C, 56.11; H, 4.84; N, 0.99. 
(PPN)[Ru(P3O9)(N2)(dppe)] (3).  A solution of 2·3MeOH (106.4 mg, 0.0723 mmol) in CH2Cl2 
(4 mL) was stirred at r.t. under an atomosphere of nitrogen for 6 h.  The resulting yellow solution 
was layered by Et2O to give a pale yellow powder of 3 (82.7 mg, 0.0635 mmol, 84% yield).  1H 
NMR:  2.60–2.64 (m, 2H, CH2 of dppe), 2.85–2.89 (m, 2H, CH2 of dppe), 7.36–7.90 (m, 50H, 
Ar).  31P{1H} NMR:  –10.1 (s, P3O9), 20.8 (s, PPN), 68.3 (s, dppe).  IR (cm–1): 2154 (s, N≡N).  
Anal. Calcd for C62H54N3O9P7Ru: C, 57.15; H, 4.18; N, 3.22.  Found: C, 56.78; H, 4.31; N, 2.96.   
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General Procedure for the Synthesis of Vinylidene Complexes 
(PPN)[Ru(P3O9)(=C=CR1R2)(dppe)] (4).  A solution of 2·3MeOH and alkyne (2–12 equiv) in 
C2H4Cl2 was stirred at 70 °C for 5 h–3 days.  The progress of the reaction was monitored by 
31P{1H} NMR.  When the reaction is completed, the resulting mixture was cooled to room 
temperature, and all volatile materials were removed in vacuo.  Unless otherwise noted, the 
residue was recrystallized from MeOH–Et2O or MeOH/benzene–Et2O to give crystals of the 
corresponding vinylidene complex 4, which were collected by filtration and dried in vacuo. 
(PPN)[Ru(P3O9)(=C=C(Ph)Me)(dppe)] (4a).  Complex 4a·2MeOH was synthesized by the 
reaction of 2·3MeOH and 1-phenyl-1-propyne for 3 days as green crystals in 85% yield.   1H 
NMR:  0.89 (s, 3H, CH3), 2.48–2.52 (m, 2H, CH2 of dppe), 2.85–2.90 (m, 2H, CH2 of dppe), 
6.88–7.91 (m, 55H, Ar).  13C{1H} NMR:  118.2 (s, Ru=C=C), 369.0 (t, J = 20 Hz, Ru=C).  
31P{1H} NMR:  –13.8 (t, J = 21 Hz, P3O9), –10.6 (d, J = 21 Hz, P3O9), 20.8 (s, PPN), 63.4 (s, 
dppe).  IR (cm–1): 1647 (m, C=C).  Anal. Calcd for C73H70NO11P7Ru: C, 60.25; H, 4.85; N, 0.96.  
Found: C, 60.07; H, 4.60; N, 0.96. 
(PPN)[Ru(P3O9)(=C=CEt2)(dppe)] (4b).  Complex 4b·1.5MeOH was synthesized by the 
reaction of 2·3MeOH and 3-hexyne for 3 days as orange crystals in 63% yield.  1H NMR:  0.46 
(t, J = 7.3 Hz, 6H, CH3), 1.31 (q, J = 7.3 Hz, 4H, CH2), 2.42–2.52 (m, 2H, CH2 of dppe), 2.74–
2.83 (m, 2H, CH2 of dppe), 7.32–7.91 (m, 50H, Ar).  13C{1H} NMR:  120.5 (s, Ru=C=C), 360.3 
(t, J = 20 Hz, Ru=C).  31P{1H} NMR:  –13.4 (t, J = 20 Hz, P3O9), –10.3 (d, J = 20 Hz, P3O9), 
20.8 (s, PPN), 63.3 (s, dppe).  IR (cm–1): 1677 (m, C=C).  Anal. Calcd for C69.5H70NO10.5P7Ru: C, 
59.40; H, 5.02; N, 1.00.  Found: C, 59.05; H, 4.88; N, 0.66.   
(PPN)[Ru(P3O9)(=C=C(Ph)CO2Et)(dppe)] (4c).  Complex 4c·MeOH was synthesized by the 
reaction of 2·3MeOH and ethyl phenylpropiolate for 5 h as red crystals in 78% yield.  1H NMR: 
 0.74 (t, J = 7.2 Hz, 3H, CH2CH3), 2.78–2.92 (m, 4H, CH2 of dppe), 3.22 (q, J = 7.2 Hz, 2H, 
CH2CH3), 7.23–7.92 (m, 55H, Ar).  13C NMR:  121.0 (s, Ru=C=C), 164.4 (s, C=O), 354.1 (t, J 
= 20 Hz, Ru=C).  31P{1H} NMR:  –14.6 (t, J = 22 Hz, P3O9), –10.9 (d, J = 22 Hz, P3O9), 20.8 (s, 
PPN), 61.9 (s, dppe).  IR (cm–1): 1655 (m, C=C), 1690 (s, C=O).  Anal. Calcd for 
C74H68NO12P7Ru: C, 60.00; H, 4.63; N, 0.95.  Found: C, 59.73; H, 4.56; N, 1.20.    
 
 
54 
 
(PPN)[Ru(P3O9)(=C=CPh2)(dppe)] (4d).  Complex 4d·2.5C2H4Cl2 was synthesized by the 
reaction of 2·3MeOH and diphenylacetylene for 1 day.  The reaction mixture was layered by 
Et2O to give 5d·2.5C2H4Cl2 as green microcrystals in 44% yield.  1H NMR:  2.43–2.47 (m, 2H, 
CH2 of dppe), 2.80–2.84 (m, 2H, CH2 of dppe), 6.50–7.73 (m, 60H, Ar).  13C{1H} NMR:  362.5 
(t, J = 20 Hz, Ru=C).  The signal of the vinylidene -carbon was obscured by overlapping with 
those of aryl groups.  31P{1H} NMR:  –14.0 (t, J = 21 Hz, P3O9), –10.6 (d, J = 21 Hz, P3O9), 
20.9 (s, PPN), 63.1 (s, dppe).  IR (cm–1): 1619 (m, C=C).  Anal. Calcd for C81H74Cl5NO9P7Ru: C, 
57.21; H, 4.39; N, 0.82.  Found: C, 57.22; H, 4.39; N, 1.00.  
(PPN)[Ru(P3O9)(=C=C(Ph)C6H4OMe-p)(dppe)] (4e).  Complex 4e·1.5MeOH was synthesized 
by the reaction of 2·3MeOH and 1-methoxy-4-(2-phenylethynyl)benzene for 3 h as green 
crystals in 69% yield.  1H NMR:  2.45–2.46 (m, 2H, CH2 of dppe), 2.82–2.84 (m, 2H, CH2 of 
dppe), 3.68 (s, 3H, OCH3), 6.35–7.75 (m, 59H, Ar).  13C{1H} NMR:  127.6 (s, Ru=C=C), 363.9 
(t, J = 20 Hz, Ru=C).  31P{1H} NMR:  –14.0 (t, J = 21 Hz, P3O9), –10.6 (d, J = 21 Hz, P3O9), 
20.9 (s, PPN), 63.6 (s, dppe).  IR (cm–1): 1618 (m, C=C).  Anal. Calcd for C78.5H72NO11.5P7Ru: C, 
61.57; H, 4.74; N, 0.91.  Found: C, 61.56; H, 4.58; N, 0.81.   
(PPN)[Ru(P3O9)(=C=C(Ph)C6H4Me-p)(dppe)] (4f).  Complex 4f·2C2H4Cl2 was synthesized by 
the reaction of 2·3MeOH and 1-methyl-4-(phenylethynyl)benzene for 6 h.  The reaction mixture 
was layered by Et2O to give 4f·2C2H4Cl2 as green microcrystals in 51% yield.  1H NMR:  2.05 
(s, 3H, CH3), 2.43–2.51 (m, 2H, CH2 of dppe), 2.79–2.87 (m, 2H, CH2 of dppe), 6.34–7.73 (m, 
59H, Ar).  13C{1H} NMR:  127.9 (s, Ru=C=C), 363.3 (t, J = 21 Hz, Ru=C).  31P{1H} NMR:  –
14.0 (t, J = 21 Hz, P3O9), –10.6 (d, J = 21 Hz, P3O9), 20.9 (s, PPN), 63.4 (s, dppe).  IR (cm–1): 
1622 (m, C=C).  Anal. Calcd for C81H74Cl4NO9P7Ru: C, 58.43; H, 4.48; N, 0.84.  Found: C, 
58.30; H, 4.38; N, 0.96. 
(PPN)[Ru(P3O9)(=C=C(Ph)C6H4CO2Et-p)(dppe)] (4g).  Complex 4g·2MeOH was synthesized 
by the reaction of 2·3MeOH and ethyl 4-(2-phenylethynyl)benzoate under an atomosphere of 
argon for 3 days as green crystals in 40% yield.  1H NMR:  1.35 (t, J = 7.2 Hz, 3H, CH2CH3), 
2.46–2.50 (m, 2H, CH2 of dppe), 2.83–2.87 (m, 2H, CH2 of dppe), 4.29 (q, J = 7.2 Hz, 2H, 
CH2CH3), 6.35–7.75 (m, 59H, Ar).  13C{1H} NMR:  127.3 (s, Ru=C=C), 166.4 (s, C=O), 359.7 
(t, J = 20 Hz, Ru=C).  31P{1H} NMR:  –14.1 (t, J = 21 Hz, P3O9), –10.7 (d, J = 21 Hz, P3O9), 
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20.9 (s, PPN), 62.4 (s, dppe).  IR (cm–1): 1619 (m, C=C), 1707 (s, C=O).  Anal. Calcd for 
C81H76NO13P7Ru: C, 61.21; H, 4.82; N, 0.88.  Found: C, 60.90; H, 4.44; N, 0.78. 
General Procedure for the Synthesis of 2-Alkyne Complexes (PPN)[Ru(P3O9)(R1C≡CR2)- 
(dppe)] (5).  A solution of 2·3MeOH and alkyne (9–12 equiv) in C2H4Cl2 was stirred at 50 °C 
for 2 h.  The resulting mixture was cooled to room temperature and layered by Et2O to give 
crystals of the corresponding 2-alkyne complexes 6, which were collected by filtration and 
dried in vacuo. 
(PPN)[Ru(P3O9)(2-MeO2CC≡CCO2Me)(dppe)] (5h).  Complex 5h·C2H4Cl2 was synthesized 
by the reaction of 2·3MeOH and dimethyl acetylenedicarboxylate as orange microcrystals in 
73% yield.  1H NMR:  2.96–3.02 (m, 2H, CH2 of dppe), 3.17–3.19 (m, 2H, CH2 of dppe), 3.36 
(s, 6H, OCH3), 7.30–7.60 (m, 50H, Ar).  13C{1H} NMR:  86.3 (s, C≡C), 161.7 (s, C=O).  
31P{1H} NMR:  –13.4 (t, J = 23 Hz, P3O9), –12.3 (d, J = 23 Hz, P3O9), 19.8 (s, PPN), 60.4 (s, 
dppe).  IR (cm–1): 1708 (s, C=O), 1948 (m, C≡C).  Anal. Calcd for C70H64Cl2NO13P7Ru: C, 
55.46; H, 4.26; N, 0.92. Found: C, 55.64; H, 4.50; N, 0.83. 
(PPN)[Ru(P3O9)(2-EtO2CC≡CCO2Et)(dppe)] (5i).  Complex 5i·C2H4Cl2 was synthesized by 
the reaction of 2·3MeOH and diethyl acetylenedicarboxylate as orange needles in 66% yield.  1H 
NMR:  1.10 (t, J = 7.2 Hz, 6H, OCH2CH3), 2.99–3.02 (m, 2H, CH2 of dppe), 3.19–3.24 (m, 2H, 
CH2 of dppe), 3.77 (q, J = 7.2 Hz, 4H, OCH2CH3), 7.29–7.67 (m, 50H, Ar).  13C{1H} NMR:  
86.2 (s, C≡C), 161.4 (s, C=O).  31P{1H} NMR:  –13.4 (t, J = 23 Hz, P3O9), –12.4 (d, J = 23 Hz, 
P3O9), 19.8 (s, PPN), 60.2 (s, dppe).  IR (cm–1): 1701 (s, C=O), 1921 (m, C≡C).  Anal. Calcd for 
C72H68Cl2NO13P7Ru: C, 56.00; H, 4.44; N, 0.91. Found: C, 55.97; H, 4.50; N, 0.91.   
(PPN)[Ru(P3O9)(2-MeC≡CCO2Et)(dppe)] (5j).  The reaction of 2·3MeOH and ethyl 2-
butynoate gave 5j·2C2H4Cl2 as orange crystals.  The crystals gave off C2H4Cl2 by drying in 
vacuo to afford orange solids with the enpirical formula 5·C2H4Cl2 in 84% yield.  1H NMR:  
0.78 (t, J = 7.2 Hz, 3H, OCH2CH3), 2.51 (s, 3H, CH3), 2.91–2.94 (m, 2H, CH2 of dppe), 3.16 (q, 
J = 7.2 Hz, 2H, OCH2CH3), 3.28–3.42 (m, 2H, CH2 of dppe), 7.25–7.65 (m, 50H, Ar).  13C{1H} 
NMR:  72.3 (s, MeC≡C), 85.1 (s, MeC≡C), 161.8 (s, C=O).  31P{1H} NMR:  –12.2 (t, J = 22 
Hz, P3O9), –10.8 (d, J = 22 Hz, P3O9), 20.8 (s, PPN), 68.3 (s, dppe).  IR (cm–1): 1685 (s, C=O), 
1947 (m, C≡C).  Anal. Calcd for C70H66Cl2NO11P7Ru: C, 56.58; H, 4.48; N, 0.94. Found: C, 
56.19; H, 4.44; N, 1.00.   
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(PPN)[Ru(P3O9)(2-EtC≡CCO2Et)(dppe)] (5k).  Complex 5k·0.5C2H4Cl2·0.5Et2O was 
synthesized by the reaction of 2·3MeOH and ethyl 2-pentynoate as orange needles in 85% yield.   
1H NMR:  0.81 (t, J = 7.2 Hz, 3H, CH2CH3), 1.14 (t, J = 7.2 Hz, 3H, CH2CH3), 2.89–2.93(m, 
2H, CH2 of dppe), 3.02 (q, J = 7.2 Hz, 2H, CH2CH3), 3.15 (q, J = 7.2 Hz, 2H, CH2CH3), 3.27–
3.31 (m, 2H, CH2 of dppe), 7.27–7.66 (m, 50H, Ar).  13C{1H} NMR:  72.4 (s, EtC≡C), 90.3 (s, 
EtC≡C), 162.2 (s, C=O).  31P{1H} NMR:  –12.0 (t, J = 22 Hz, P3O9), –10.9 (d, J = 22 Hz, P3O9), 
20.8 (s, PPN), 69.3 (s, dppe).  IR (cm–1): 1694 (s, C=O), 1937 (m, C≡C).  Anal. Calcd for 
C72H71ClNO11.5P7Ru: C, 58.13; H, 4.81; N, 0.94. Found: C, 58.37; H, 4.67; N, 1.01. 
General Procedure for the Synthesis of Vinylidene Complexes 
(PPN)[Ru(P3O9)(=C=CR1R2)(dppe)] (4) via Alkyne Complexes 5h–5k.  A solution of 
2·3MeOH and alkyne in C2H4Cl2 was stirred at 50 °C for 2 h.  31P{1H} NMR analysis of the 
resulting solution confirmed quantitative generation of 5h–5k.  This solution was irradiated with 
an ultrahigh-pressure Hg lamp at room tempereture for 6 h or heated under reflux or at 70 °C for 
1–3 days, and then layered by Et2O to give crystals of the corresponding vinylidene complex 4, 
which were collected by filtration and dried in vacuo.   
(PPN)[Ru(P3O9)(=C=C(CO2Me)2)(dppe)] (4h).  Complex 4h·C2H4Cl2 was synthesized by the 
irradiation or heating (under reflux, 5 days) of 5h as orange microcrystals in yields of 71% and 
70%, respectively.  1H NMR:  2.77–2.80 (m, 2H, CH2 of dppe), 2.93–2.95 (m, 2H, CH2 of 
dppe), 3.19 (s, 6H, Me), 7.34–7.96 (m, 50H, Ar).  13C{1H} NMR:  113.5 (s, Ru=C=C), 162.9 (s, 
C=O), 345.9 (t, J = 21 Hz, Ru=C).  31P{1H} NMR  –14.8 (t, J = 21 Hz, P3O9), –10.9 (d, J = 21 
Hz, P3O9), 20.8 (s, PPN), 59.8 (s, dppe).  IR (cm–1): 1638 (m, C=C), 1741 (s, C=O).  Anal. Calcd 
for C70H64Cl2NO13P7Ru: C, 55.46; H, 4.26; N, 0.92. Found: C, 55.84; H, 4.19; N, 1.01. 
(PPN)[Ru(P3O9)(=C=C(CO2Et)2)(dppe)] (4i).  Complex 4i·1.5C2H4Cl2 was synthesized by the 
irradiation or heating (under reflux, 4 days) of 5j as orange microcrystals in yields of 54% and 
76%, respectively.  1H NMR:  1.07 (t, J = 7.1 Hz, 6H, OCH2CH3), 2.89–2.92 (m, 4H, CH2 of 
dppe), 3.65 (q, J = 7.1 Hz, 4H, OCH2CH3), 7.36–7.98 (m, 50H, Ar).  13C{1H} NMR:  115.2 (s, 
Ru=C=C), 162.8 (s, C=O), 345.2 (t, J = 21 Hz, Ru=C).  31P{1H} NMR:  –14.9 (t, J = 21 Hz, 
P3O9), –11.6 (d, J = 21 Hz, P3O9), 20.8 (s, PPN), 60.7 (s, dppe).  IR (cm–1): 1734 (s, C=O).  Anal. 
Calcd for C73H70Cl3NO13P7Ru: C, 55.02; H, 4.43; N, 0.88. Found: C, 55.24; H, 4.30; N, 0.91. 
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(PPN)[Ru(P3O9)(=C=C(Me)CO2Et)(dppe)] (4j).  Complex 4j·0.5C2H4Cl2 was synthesized by 
the irradiation or heating (under reflux, 1 day) of 5j as orange microcrystals in yields of 63% and 
85%, respectively.  1H NMR:  0.89 (t, J = 7.1 Hz, 3H, OCH2CH3), 1.23 (s, 3H, CH3), 2.61–2.65 
(m, 2H, CH2 of dppe), 2.82–2.86 (m, 2H, CH2 of dppe), 3.47 (q, J = 7.1 Hz, 2H, OCH2CH3), 
7.36–7.92 (m, 50H, Ar).  13C{1H} NMR:  110.6 (s, Ru=C=C), 166.8 (s, C=O), 354.9 (t, J = 20 
Hz, Ru=C).  31P{1H} NMR:  –14.3 (t, J = 21 Hz, P3O9), –10.7 (d, J = 21 Hz, P3O9), 20.8 (s, 
PPN), 62.9 (s, dppe).  IR (cm–1): 1631 (m, C=C), 1684 (s, C=O).  Anal. Calcd for 
C69H64ClNO11P7Ru: C, 57.69; H, 4.49; N, 0.98. Found: C, 57.54; H, 4.34; N, 1.08. 
(PPN)[Ru(P3O9)(=C=C(Et)CO2Et)(dppe)] (4k).  Complex 4k·C2H4Cl2 was synthesized by 
heating a C2H4Cl2 solution of 5k at 70 °C for 15 h as orange microcrystals in 72% yield.  1H 
NMR:  0.80, 0.87 (t, J = 7.3 Hz, 3H each, CH2CH3 and OCH2CH3), 1.84 (q, J = 7.3 Hz, 2H, 
CH2CH3), 2.66–2.69 (m, 2H, CH2 of dppe), 2.81–2.83 (m, 2H, CH2 of dppe), 3.36 (q, J = 7.3 Hz, 
2H, OCH2CH3), 7.36–7.96 (m, 50H, Ar).  13C{1H} NMR:  116.5 (s, Ru=C=C), 165.8 (s, C=O), 
356.2 (t, J = 21 Hz, Ru=C).  31P{1H} NMR:  –14.4 (t, J = 21 Hz, P3O9), –10.8 (d, J = 21 Hz, 
P3O9), 20.8 (s, PPN), 62.3 (s, dppe).  IR (cm–1): 1625 (m, C=C), 1687 (s, C=O).  Anal. Calcd for 
C71H68Cl2NO11P7Ru: C, 56.85; H, 4.57; N, 0.93. Found: C, 56.78; H, 4.60; N, 0.92. 
Kinetic Study for the Isomerization of 5k to 4k.  A C2H4Cl2 solution (2 mL) containing 5k 
(25.0 mg, 8.45 μM) and ca. 20 equiv of ethyl 2-pentynoate (47.9 mg, 189 μM) was transferred to 
an NMR tube.  The sample was heated to 70 °C, and the reaction was monitored by means of 
31P{1H} NMR every 10 min for 12 h.  Throughout the measurement, two dppe signals were 
observed, which were assigned as complexes 4k ( 62.3) and 5k ( 69.3).  The ratios of these 
complexes were determined on the basis of the relative intensities of the 31P{1H} NMR signals, 
and the apparent first-order rate constant for the isomerization of 5k (k = 3.09 × 10−5 s−1) was 
obtained from the time-conversion plot (Figure S1).  Similar reactions performed at different 
concentrations of 5k (16.9 and 25.4 μM) gave almost the same k values at 70 °C (3.05 × 10−5, 
3.13 × 10−5 s−1), confirming that the reaction obeys first-order kinetics (Figure 4, Table 1). 
[CpRuCl(dppe)]·0.75CH2Cl2 (6).  The following procedure is modified from the preparation 
method originally reported by Alonso and Reventós.28  A mixture of [CpRuCl(PPh3)2] (500 mg, 
0.688 mmol) and 1,2-bis(diphenylphosphino)ethane (dppe; 274.8 mg, 0.690 mmol) in toluene 
(100 mL) was stirred 6 h under reflux.  The hot solution was then loaded directly onto a silica 
column.  Elution with toluene removed any free phosphine ligands.  The orange band was eluted 
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with 1:3 acetone/hexane, and the solvent was evaporated to dryness.  The residue was 
recrystallized from CH2Cl2–Et2O to give [CpRuCl(dppe)]·CH2Cl2 as orange crystals, which gave 
off a part of CH2Cl2 molecules when dried in vacuo to give orange solids with the empirical 
formula [CpRuCl(dppe)]·0.75CH2Cl2 (260.8 mg, 0.393 mmol, 57% yield).  1H NMR (CDCl3):  
2.33–2.44 (m, 2H, CH2 of dppe), 2.58–2.70 (m, 2H, CH2 of dppe), 4.54 (s, 5H, C5H5), 7.13–7.89 
(m, 20H, Ar).  31P{1H} NMR (CDCl3):  79.4 (s, dppe).  Anal. Calcd for C31.75H30.5Cl2.5P2Ru: C, 
57.45; H, 4.63. Found: C, 57.39; H, 4.62. 
General Procedure for the Synthesis of Vinylidene Complexes [CpRu(=C=CR1R2)- 
(dppe)](BArF4) (7).  A solution of 6·0.75CH2Cl2, NaBArF4·2H2O (1.2 equiv), and an appropriate 
alkyne (4–7 equiv) in C2H4Cl2 was stirred at 70 °C for 30min–10 days.  The progress of the 
reaction was monitored by 31P{1H} NMR.  When the reaction is completed, the resulting mixture 
was cooled to room temperature, and passed through a Celite® pad.  The filtrate was dried under 
vacuum.  Unless otherwise noted, the residue was recrystallized from Et2O–hexane to give 
crystals of the corresponding vinylidene complex 7, which were collected by filtration and dried 
in vacuo.   
[CpRu(=C=C(Ph)C6H4OMe-p)(dppe)](BArF4) (7a).  Complex 7a was synthesized by the 
reaction of 6·0.75CH2Cl2, NaBArF4·2H2O, and 1-methoxy-4-(2-phenylethynyl)benzene for 30 
min as red crystals in 88% yield.   1H NMR:  2.96–3.06 (m, 2H, CH2 of dppe), 3.11–3.21 (m, 
2H, CH2 of dppe), 3.70 (s, 3H, OCH3), 5.55 (s, 5H, C5H5), 6.44–7.74 (m, 41H, Ar).  13C{1H} 
NMR:  133.3 (s, Ru=C=C), 350.4 (t, J = 16 Hz, Ru=C).  31P{1H} NMR:  78.2 (s, dppe).  IR 
(cm–1): 1631 (m, C=C).  Anal. Calcd for C78H53BF24OP2Ru: C, 57.26; H, 3.27.  Found: C, 57.11; 
H, 3.21. 
[CpRu(=C=C(Ph)C6H4Me-p)(dppe)](BArF4) (7b).  Complex 7b was synthesized by the 
reaction of 6·0.75CH2Cl2, NaBArF4·2H2O, and 1-methyl-4-(2-phenylethynyl)benzene for 1 h as 
red crystals in 90% yield.   1H NMR:  2.22 (s, 3H, CH3), 2.94–3.06 (m, 2H, CH2 of dppe), 3.11–
3.21 (m, 2H, CH2 of dppe), 5.55 (s, 5H, C5H5), 6.46–7.74 (m, 41H, Ar).  13C{1H} NMR:  133.5 
(s Ru=C=C), 350.0 (t, J = 16 Hz, Ru=C).  31P{1H} NMR:  78.1 (s, dppe).  IR (cm–1): 1629 (m, 
C=C).  Anal. Calcd for C78H53BF24OP2Ru: C, 57.83; H, 3.30.  Found: C, 57.81; H, 3.62. 
[CpRu(=C=CPh2)(dppe)](BArF4) (7c).  Complex 7c was synthesized by the reaction of 
6·0.75CH2Cl2, NaBArF4·2H2O and diphenylacetylene for 1 h as red crystals in 85% yield.   1H 
NMR:  2.97–3.06 (m, 2H, CH2 of dppe), 3.12–3.21 (m, 2H, CH2 of dppe), 5.56 (s, 5H, C5H5), 
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6.56–7.74 (m, 42H, Ar).  13C{1H} NMR:  133.1 (s, Ru=C=C), 349.8 (t, J = 16 Hz, Ru=C).  
31P{1H} NMR:  78.0 (s, dppe).  IR (cm–1): 1635 (m, C=C).  Anal. Calcd for C77H51BF24P2Ru: C, 
57.58; H, 3.20.  Found: C, 57.37; H, 3.10.   
[CpRu(=C=C(Ph)C6H4Cl-p)(dppe)](BArF4) (7d).  Complex 7d was synthesized by the reaction 
of 6·0.75CH2Cl2, NaBArF4·2H2O, and 1-chloro-4-(2-phenylethynyl)benzene for 12 h as red 
crystals in 89% yield.   1H NMR:  2.95–3.05 (m, 2H, CH2 of dppe), 3.11–3.21 (m, 2H, CH2 of 
dppe), 5.57 (s, 5H, C5H5), 6.45–7.74 (m, 41H, Ar).  13C{1H} NMR:  132.9 (s, Ru=C=C), 348.4 
(t, J = 16 Hz, Ru=C).  31P{1H} NMR:  77.6 (s, dppe).  IR (cm–1): 1630 (m, C=C).  Anal. Calcd 
for C77H50BClF24O2P2Ru: C, 56.38; H, 3.07.  Found: C, 56.37; H, 2.91. 
[CpRu(=C=C(Ph)C6H4CO2Et-p)(dppe)](BArF4) (7e).  Complex 7e was synthesized by the 
reaction of 6·0.75CH2Cl2, NaBArF4·2H2O, and ethyl 4-(2-phenylethynyl)benzoate for 12 h as red 
microcrystals in 71% yield.   1H NMR:  1.36 (t, J = 7.0 Hz, 3H, CH2CH3), 3.06–2.94 (m, 2H, 
CH2 of dppe), 3.24–3.12 (m, 2H, CH2 of dppe), 4.32 (q, J = 7.0 Hz, 2H, CH2CH3), 5.58 (s, 5H, 
C5H5), 7.74–6.51 (m, 41H, Ar).  13C{1H} NMR:  133.3 (s, Ru=C=C), 348.1 (t, J = 16 Hz, 
Ru=C).  31P{1H} NMR:  77.4 (s, dppe).  IR (cm–1): 1629 (m, C=C), 1710 (s, C=O).  Anal. Calcd 
for C80H55BF24O2P2Ru: C, 57.26; H, 3.30.  Found: C, 57.30; H, 3.33.   
[CpRu(=C=C(Ph)Me)(dppe)](BArF4) (7f).  Complex 7f was synthesized by the reaction of 
6·0.75CH2Cl2, NaBArF4·2H2O, and 1-phehyl-1-propyne for 2 days as red crystals in 85% yield.   
1H NMR:  1.30 (s, 3H, CH3), 2.82–2.97 (m, 4H, CH2 of dppe), 5.54 (s, 5H, C5H5), 6.53–7.74 (m, 
37H, Ar).  13C{1H} NMR:  124.4 (s, Ru=C=C), 354.5 (t, J = 17 Hz, Ru=C).  31P{1H} NMR:  
77.3 (s, dppe).  IR (cm–1): 1656 (m, C=C).  Anal. Calcd for C72H49BF24P2Ru: C, 56.01; H, 3.20.  
Found: C, 55.98; H, 3.10.   
[CpRu(=C=C(Ph)COPh)(dppe)](BArF4) (7g).  Complex 7g was synthesized by the reaction of 
6·0.75CH2Cl2, NaBArF4·2H2O, and 1,3-diphenylprop-2-yn-1-one for 6 h as orange crystals in 
quantitative yield.   1H NMR (CDCl3):  2.87–3.00 (m, 2H, CH2 of dppe), 3.32–3.41 (m, 2H, 
CH2 of dppe), 5.49 (s, 5H, C5H5), 6.45–7.74 (m, 42H, Ar).  13C{1H} NMR (CDCl3):  127.5 (s, 
Ru=C=C), 186.1 (s, C=O), 345.4 (t, J = 17 Hz, Ru=C).  31P{1H} NMR:  77.1 (s, dppe).  IR (cm–
1): 1654 (m, C=C), 1611 (s, C=O).  Anal. Calcd for C78H51BF24OP2Ru: C, 57.33; H, 3.15.  Found: 
C, 57.60; H, 3.37.   
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[CpRu(=C=C(Me)Et)(dppe)](BArF4) (7h).  Complex 7h was synthesized by the reaction of 
6·0.75CH2Cl2, NaBArF4·2H2O, and 2-pentyne for 10 days as purple crystals in 68% yield.   1H 
NMR:  0.54 (t, J = 7.3 Hz, 3H, CH2CH3), 0.88 (s, 3H, CH3), 1.20 (q, J = 7.3 Hz, 2H, CH2CH3), 
2.75–2.89 (m, 4H, CH2 of dppe), 5.45 (s, 5H, C5H5), 7.11–7.75 (m, 32H, Ar).  13C{1H} NMR:  
122.1 (s, Ru=C=C), 348.9 (t, J = 17 Hz, Ru=C).  31P{1H} NMR:  78.0 (s, dppe).  IR (cm–1): 
1687 (m, C=C).  Anal. Calcd for C68H49BF24P2Ru: C, 54.60; H, 3.30.  Found: C, 54.63; H, 3.25. 
2-Alkyne Complex [CpRu(2-MeC≡CEt)(dppe)](BArF4) (8h).  A solution of 6·0.75CH2Cl2 
(55.6 mg, 0.0838 mmol), NaBArF4·2H2O (90.3 mg, 0.0979 mmol), and 2-pentyne (50 L, 42.6 
mg, 0.625 mmol) in C2H4Cl2 (2 mL) was stirred at 70 °C for 1 h.  The resulting mixture was 
cooled to room temperature, and passed through a Celite® pad with C2H4Cl2.  The filtrate was 
dried under vacuum.  The residue was recrystallized from Et2O–hexane to give 8h as yellow 
needles (107.4 mg, 0.0718 mmol, 86% yield).  1H NMR:  0.95 (t, J = 7.3 Hz, 3H, CH2CH3), 
1.51 (s, 3H, CH3), 1.61 (q, J = 7.3 Hz, 2H, CH2CH3), 2.30–2.37 (m, 2H, CH2 of dppe), 2.57–2.65 
(m, 2H, CH2 of dppe), 4.93 (s, 5H, C5H5), 7.17–7.75 (m, 32H, Ar).  13C{1H} NMR:  77.8 (s, 
MeC≡C), 82.1 (s, MeC≡C).   31P{1H} NMR:  75.4 (s, dppe).  IR (cm–1): 1951 (m, C≡C).  Anal. 
Calcd for C68H49BF24P2Ru: C, 54.60; H, 3.30. Found: C, 54.22; H, 3.12. 
General Procedure for the Synthesis of Vinylidene Complexes [CpRu(=C=CR1R2)- 
(PPh3)2](BArF4) (10).  A solution of 9, NaBArF4·2H2O (1.2 equiv), and an appropriate alkyne (4 
equiv) in C2H4Cl2 was stirred at 70 °C for 30min–32 h.  The progress of the reaction was 
monitored by 31P{1H} NMR.  When the reaction is completed, the resulting mixture was cooled 
to room temperature, and passed through a Celite® pad with C2H4Cl2.  The filtrate was dried 
under vacuum.  Unless otherwise noted, the residue was recrystallized from Et2O–hexane to give 
crystals of the corresponding vinylidene complex 10, which were collected by filtration and 
dried in vacuo. 
[CpRu(=C=C(Ph)C6H4OMe-p)(PPh3)2](BArF4) (10a).  Complex 10a was synthesized by the 
reaction of 9, NaBArF4·2H2O, and 1-methoxy-4-(2-phenylethynyl)benzene for 30 min as dark 
red crystals in 88% yield.   1H NMR:  3.78 (s, 3H, OCH3), 5.07 (s, 5H, C5H5), 6.76–7.74 (m, 
51H, Ar).  13C{1H} NMR:  353.5 (t, J = 17 Hz, Ru=C).  The signal of the vinylidene -carbon 
was obscured by overlapping with those of aryl groups.  31P{1H} NMR:  40.6 (s, PPh3).  IR 
(cm–1): 1631 (m, C=C).  Anal. Calcd for C88H59BF24OP2Ru: C, 59.98; H, 3.37.  Found: C, 59.82; 
H, 3.20. 
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[CpRu(=C=C(Ph)C6H4Me-p)(PPh3)2](BArF4) (10b).  Complex 10b was synthesized by the 
reaction of 9, NaBArF4·2H2O, and 1-methyl-4-(phenylethynyl)benzene for 2 h as dark red 
crystals in 83% yield.   1H NMR:  2.34 (s, 3H, CH3), 5.07 (s, 5H, C5H5), 6.73–7.75 (m, 51H, Ar).  
13C{1H} NMR:  353.2 (t, J = 15 Hz, Ru=C).  The signal of the vinylidene -carbon was 
obscured by overlapping with those of aryl groups.  31P{1H} NMR:  40.6 (s, PPh3).  IR (cm–1): 
1628 (m, C=C).  Anal. Calcd for C88H59BF24P2Ru: C, 60.53; H, 3.41.  Found: C, 60.87; H, 3.27. 
[CpRu(=C=CPh2)(PPh3)2](BArF4) (10c).  Complex 10c was synthesized by the reaction of 9, 
NaBArF4·2H2O, and diphenylacetylene for 12 h as dark red crystals in 81% yield.   1H NMR:  
5.08 (s, 5H, C5H5), 6.84–7.75 (m, 52H, Ar).  13C{1H} NMR:  352.8 (t, J = 15 Hz, Ru=C).  The 
signal of the vinylidene -carbon was obscured by overlapping with those of aryl groups.  
31P{1H} NMR:  40.5 (s, PPh3).  IR (cm–1): 1629 (m, C=C).  Anal. Calcd for C87H57BF24P2Ru: C, 
60.32; H, 3.32.  Found: C, 60.19; H, 3.26. 
[CpRu(=C=C(Ph)C6H4Cl-p)(PPh3)2](BArF4) (10d).  Complex 10d was synthesized by the 
reaction of 9, NaBArF4·2H2O, and 1-chloro-4-(2-phenylethynyl)benzene for 32 h as dark red 
crystals in 83% yield.   1H NMR:  5.10 (s, 5H, C5H5), 6.78–7.76 (m, 51H, Ar).  13C{1H} NMR: 
 352.3 (t, J = 15 Hz, Ru=C).  The signal of the vinylidene -carbon was obscured by 
overlapping with those of aryl groups.  31P{1H} NMR:  40.0 (s, PPh3).  Anal. Calcd for 
C87H56BClF24P2Ru: C, 59.15; H, 3.20.  Found: C, 59.16; H, 3.36.   
[(η5-C9H7)Ru(=C=C(Ph)C6H4OMe-p)(dppe)][BArF4] (12).  This compound was synthesized from 11 (32.2 
mg, 0.050 mmol), NaBArF4·2H2O (56.5 mg, 0.061 mmol) and 1-methoxy-4-(2-
phenylethynyl)benzene (52.6 mg, 0.253 mmol) by a procedure similar to that for the synthesis of 
7c.  Red crystals (67.2 mg, 0.040 mmol, 80% yield).  31P{1H} NMR (CDCl3): δ 75.5 (s, dppe).  
1H NMR (CDCl3): δ 7.73–6.43 (m, 45H, Ar), 5.93–5.88 (br, 3H, indenyl), 3.70 (s, 3H, OMe), 
3.02–2.90 (m, 2H, CH2 of dppe), 2.68–2.56 (m, 2H, CH2 of dppe).  13C{1H} NMR (CDCl3): δ 
352.5 (t, 2JCP = 16.7 Hz, Ru=C=C).  IR (cm–1): 1624 (w, νC=C).  Anal. Calcd for C82H55BF24P2Ru 
(12): C, 58.41; H, 3.29. Found: C, 58.32; H, 3.34.   
[CpFeCl(dppe)] (13).  The following procedure is modified from the preparation method for 
[CpFeCl(dippe)] (dippe = (diisopropylphosphino)ethane) reported by Puerta et al.29  A mixture 
of [FeCl2(dppe)] (290.3 mg, 0.553 mmol) and CpLi (41.7 mg, 0.579 mmol) in benzene (50 mL) 
was stirred for 4 h at room temperature.  The resulting black suspension was concentrated to a 
half volume and filtered through a Celite® pad, and the solvent was removed in vacuo. The 
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residue was recrystallized from CH2Cl2–hexane to give [CpFeCl(dppe)] (13) as black crystals 
(126.1 mg, 0.227 mmol, 41% yield).  1H NMR (CDCl3): 2.34–2.45 (m, 4H, CH2 of dppe), 4.12 
(s, 5H, C5H5), 7.18–8.00 (m, 20H, Ar).  31P{1H} NMR (CDCl3): 96.6 (brs, dppe).   
General Procedure for the Synthesis of Vinylideneiron Complexes 
[CpFe(=C=C(R1)R2)(dppe)][BArF4] (14).  A solution of [CpFeCl(dppe)] (11), NaBArF4·2H2O 
(1.2 equiv), and an appropriate alkyne (4 equiv) in benzene was stirred at 70 °C for 12–24 h.  
The progress of the reaction was monitored by 31P{1H} NMR. When the reaction is completed, 
the resulting mixture was cooled to room temperature and passed through a Celite® pad. The 
pad was rinsed off with Et2O.  The combined filtrate was dried under vacuum. The residue was 
recrystallized from Et2O–hexane to give crystals of the corresponding vinylidene complex 12, 
which were collected by filtration and dried in vacuo.   
[CpFe(=C=C(Ph)C6H4OMe-p)(dppe)][BArF4] (14a).  Complex 14a was synthesized by the 
reaction of 13, NaBArF4·2H2O, and 1-methoxy-4-(2-phenylethynyl)benzene for 12 h as dark red 
crystals in 84% yield. 1H NMR: δ 3.01 (br, 2H, CH2 of dppe), 3.23 (br, 2H, CH2 of dppe), 3.69 (s, 
3H, OCH3), 5.22 (s, 5H, C5H5), 6.44–7.72 (m, 41H, Ar). 13C{1H} NMR: δ 360.8 (t, J = 33 Hz, 
Fe=C), 144.2 (Fe=C=C). 31P{1H} NMR: δ 94.5 (s, dppe). IR (cm–1): 1621 (m, νC=C). Anal. Calcd 
for C78H53BF24FeOP2: C, 58.89; H, 3.36. Found: C, 58.63; H, 3.19.   
[CpFe(=C=C(Ph)C6H4Me-p)(dppe)][BArF4] (14b).  Complex 14b was synthesized by the 
reaction of 13, NaBArF4·2H2O, and 1-methyl-4-(phenylethynyl)benzene for 24 h as brown 
crystals in 84% yield. 1H NMR: δ 2.21 (s, 3H, Me), 3.02–3.05 (m, 2H, CH2 of dppe), 3.25–3.29 
(m, 2H, CH2 of dppe), 5.24 (s, 5H, C5H5), 6.52–7.77 (m, 41H, Ar). 13C{1H} NMR: δ 360.1 (t, J = 
33 Hz, Fe=C). 31P{1H} NMR: δ 94.4 (s, dppe). Anal. Calcd for C78H53BF24FeP2: C, 59.49; H, 
3.39. Found: C, 57.36; H, 3.46.   
[CpFe(=C=CPh2)(dppe)][BArF4] (14c).  Complex 14c was synthesized by the reaction of 13, 
NaBArF4·2H2O, and diphenylacetylene for 24 h as red crystals in 98% yield. 1H NMR: δ 2.21 (s, 
3H, Me), 3.00–3.05 (m, 2H, CH2 of dppe), 3.25–3.27 (m, 2H, CH2 of dppe), 5.23 (s, 5H, C5H5), 
6.52–7.77 (m, 42H, Ar). 13C{1H} NMR: δ 359.9 (t, J = 32 Hz, Fe=C). 31P{1H} NMR: δ 94.4 (s, 
dppe). Anal. Calcd for C77H51BF24FeP2: C, 59.25; H, 3.29. Found: C, 59.57; H, 3.27.   
[CpFe(=C=C(Ph)C6H4Cl-p)(dppe)][BArF4] (14d). Complex 14d was synthesized by the 
reaction of 13, NaBArF4·2H2O, and 1-chloro-4-(2-phenylethynyl)benzene for 12 h as red crystals 
in 74% yield. 1H NMR: δ 3.00–3.08 (m, 2H, CH2 of dppe), 3.21–3.23 (m, 2H, CH2 of dppe), 
5.24 (s, 5H, C5H5), 6.49–7.74 (m, 41H, Ar). 13C{1H} NMR: δ 358.7 (t, J = 33 Hz, Fe=C), 143.8 
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(Fe=C=C). 31P{1H} NMR: δ 93.9 (s, dppe). IR (cm–1): 1619 (m, νC=C). Anal. Calcd for 
C77H50BClF24FeP2: C, 57.97; H, 3.16. Found: C, 57.69; H, 2.87.   
General Procedure for the Reaction of Disubstituted Vinylidene Complexes 
[CpRu(=C=CR1R2)(dppe)][BArF4] (7) with PR3 (Table 1).  A mixture of the disubstituted 
vinylidene complexes 7 and PPh3 (1.2 equiv) in toluene (0.01 M) was stirred at 100 °C.  The 
reaction was monitored by means of 31P{1H} NMR.  When the starting material was consumed, 
the resulting mixture was allowed to cool to room temperature and dried up under vacuum, and 
the residue was extracted with hexanes (ca. 4 mL × 3).  To the extract was added dodecane as an 
internal standard and subjected to GLC analysis to estimate the yield of internal alkynes 
liberated, whereas the residue was recrystallized from Et2O/hexanes to give 
[CpRu(dppe)(PR3)][BArF4] (15) as pale yellow crystals, which were collected by filtration and 
dried in vacuo (41–85% yields).   
[CpRu(dppe)(PPh3)][BArF4] (15a).  1H NMR (CDCl3): δ 7.77–6.30 (m, 47H, Ar), 4.83 (s, 5H, 
Cp), 2.33–2.20 (m, 2H, dppe), 2.15–2.04 (m, 2H, dppe).  13C{1H} NMR (CDCl3):  161.7 (q, J = 
50.0 Hz, ArF), 139.6–139.2 (m, Ar of dppe), 134.8 (ArF), 134.7–134.4 (m, Ar of dppe), 133.3 (br, 
Ar of PPh3), 131.7 (t, JPC = 4.2 Hz, Ar of dppe), 131.0 (t, JPC = 4.8 Hz, Ar of dppe), 130.7 (Ar of 
dppe), 130.6 (br, Ar of PPh3), 130.4 (Ar of dppe), 128.9 (br q, JFC = 31.6 Hz, ArF), 128.7 (br, Ar 
of dppe, Ar of PPh3), 128.2 (d, JPC = 9.6 Hz, Ar of PPh3), 124.6 (q, JFC = 272.7 Hz, CF3), 117.5 
(br, ArF), 85.3 (Cp), 24.2 (dd, JPC = 22.8, 21.6 Hz, CH2 of dppe).  31P{1H} NMR (CDCl3):  68.0 
(d, J = 33.9 Hz, dppe), 41.3 (t, J = 33.9 Hz, PPh3).  Anal. Calcd for C81H56BF24P3Ru: C, 57.56; 
H, 3.34. Found: C, 57.73; H, 3.34.  Molecular structure of 15a was also confirmed by an X-ray 
diffraction study.   
[CpRu(dppe)(PMe2Ph)][BArF4] (15b).  1H NMR (CDCl3): δ 7.76–6.17 (m, 37H, Ar), 4.92 (s, 
5H, Cp), 2.56–2.44 (m, 2H, dppe), 2.14–2.01 (m, 2H, dppe), 1.28 (d, JPH = 9.2 Hz, 6H, PMe2Ph).  
13C{1H} NMR (CDCl3):  161.7 (q, J = 49.6 Hz, ArF), 139.8–139.3 (m, Ar of dppe), 138.2 (d, 
JPC = 44.4 Hz, Ar of PMe2Ph), 134.8 (ArF), 134.7–134.3 (m, Ar of dppe), 132.2 (t, JPC = 4.8 Hz, 
Ar of dppe), 131.5 (Ar of dppe), 130.6 (t, JPC = 4.8 Hz, Ar of dppe), 130.3 (Ar of dppe), 130.1 
(Ar of PMe2Ph), 129.3 (t, JPC = 4.8 Hz, Ar of dppe), 129.2 (d, JPC = 8.4 Hz, Ar of PMe2Ph), 
128.9 (br q, JFC = 31.6 Hz, ArF), 128.6 (t, JPC = 4.8 Hz, Ar of dppe), 128.3 (d, JPC = 8.4 Hz, Ar of 
PMe2Ph), 124.6 (q, JFC = 272.7 Hz, CF3), 117.5 (br, ArF), 84.7 (Cp), 25.9 (dd, JPC = 20.4, 20.4 
Hz, CH2 of dppe), 21.9 (d, J = 31.2 Hz, PMe2Ph).  31P{1H} NMR (CDCl3):  78.8 (d, JPP = 35.2 
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Hz, dppe), 6.59 (t, JPP = 35.2 Hz, PMe2Ph).  Anal. Calcd for C71H52BF24P3Ru: C, 54.46; H, 3.35. 
Found: C, 54.20; H, 3.20.  Molecular structure of 15b was also confirmed by an X-ray analysis. 
[CpRu(dppe)(PMe3)][BArF4] (15c).  1H NMR (CDCl3):  7.70 (br, 8H, Ar of BArF4), 7.57 (br, 
4H, Ar of BArF4), 7.51–7.50 (m, 10H, Ar of dppe), 7.41–7.34 (m, 6H, Ar of dppe), 7.22–7.19 (m, 
4H, Ar of dppe), 4.88 (s, 5H, Cp), 2.71–2.60 (m, 2H, dppe), 2.53–2.41 (m, 2H, dppe), 0.67 (d, 
JPH = 9.2 Hz, 9H, PMe3).  13C{1H} NMR (CDCl3):  161.7 (q, JBC = 49.6 Hz, ArF), 138.9–138.4 
(m, Ar of dppe), 134.8 (ArF), 134.8–134.3 (m, Ar of dppe), 131.4 (t, JPC = 4.8 Hz, Ar of dppe), 
131.3 (s, Ar of dppe), 130.9 (t, JPC = 4.8 Hz, Ar of dppe), 130.6 (s, Ar of dppe), 129.4 (t, JPC = 
4.8 Hz, Ar of dppe), 128.88 (br q, JFC = 31.6 Hz, ArF), 128.85 (t, JPC = 4.8 Hz, Ar of dppe), 
124.5 (q, JFC = 272.7 Hz, CF3), 117.5 (br, ArF), 84.1 (Cp), 27.0 (dd, JPC = 23.9, 21.6 Hz, CH2 of 
dppe), 21.2 (d, J = 31.2 Hz, PMe3).  31P{1H} NMR (CDCl3):  76.4 (d, JPP = 35.2 Hz, dppe), –
1.90 (t, JPP = 35.2 Hz, PMe3).  Anal. Calcd for C65H50BF24P3Ru: C, 52.71; H, 3.35. Found: C, 
52.68; H, 3.10.   
[CpRu(dppe){P(OPh)3}][BArF4] (15d).  1H NMR (CDCl3): δ 7.81–6.18 (m, 47H, Ar), 4.85 (s, 
5H, Cp), 3.21–3.07 (m, 2H, dppe), 2.82–2.71 (m, 2H, dppe).  13C{1H} NMR (CDCl3):  161.7 (q, 
J = 50.0 Hz, ArF), 151.2 (d, JPC = 14.4 Hz, Ar of P(OPh)3), 138.9–138.5, 135.0–134.5 (m, Ar of 
dppe), 134.8 (ArF), 132.4 (t, JPC = 4.8 Hz, Ar of dppe), 131.3 (Ar of dppe), 130.8 (t, JPC = 4.8 Hz, 
Ar of dppe), 130.7 (Ar of dppe), 129.5 (Ar of P(OPh)3), 129.2 (t, JPC = 5.4 Hz, Ar of dppe), 
128.9 (br q, JFC = 30.4 Hz, ArF), 128.8 (t, JPC = 4.8 Hz, Ar of dppe), 125.2 (Ar of P(OPh)3), 
124.6 (q, JFC = 272.7 Hz, CF3), 120.1 (d, JPC = 3.6 Hz, Ar of P(OPh)3), 117.4 (br, ArF), 84.9 (Cp), 
27.1 (dd, JPC = 21.6, 20.4 Hz, CH2 of dppe).   31P{1H} NMR (CDCl3):  130.1 (t, JPP = 58.3 Hz, 
P(OPh)3), 79.3 (d, JPP = 58.3 Hz, dppe).  Anal. Calcd for C81H56BF24O3P3Ru: C, 55.97; H, 3.25. 
Found: C, 55.61; H, 3.11.  Molecular structure of 15d was also confirmed by an X-ray analysis 
(Figure S3).  
Reaction of the Disubstituted Vinylidene Complex [(5-C9H7)Ru{=C=C(Ph)C6H4OMe-
p}(dppe)][BArF4] (12) with MeCN (Scheme 10).  An acetonitrile (3 mL) solution of the 
disubstituted vinylidene complexes 12 (50.3 mg, 0.030 mmol) was stirred at reflux temperature.  
The reaction was monitored by means of 31P{1H} NMR.  When the starting material was 
consumed, the resulting mixture was allowed to cool to room temperature and dried up under 
vacuum, and the residue was extracted with hexanes (ca. 4 mL × 3).  To the extract was added 
dodecane as an internal standard and subjected to GLC analysis to estimate the yield of internal 
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alkynes PhC≡CC6H4OMe-p liberated (89% GC yield), whereas the residue was recrystallized 
from Et2O/hexanes to give [(5-C9H7)Ru(dppe)(NCMe)][BArF4] (16) as yellow crystals, which 
were collected by filtration and dried in vacuo (35.1 mg, 0.023 mmol, 78% yield).  1H NMR 
(CDCl3):  7.72–6.87 (m, 36H, Ar), 4.87–4.85  (br, 3H, indenyl), 2.53–2.31 (m, 4H, dppe), 1.20 
(s, Me).  13C{1H} NMR (CDCl3):  161.7 (q, J = 50.0 Hz, ArF), 136.3–135.7 (m, Ar of dppe), 
134.8 (ArF), 131.9 (t, JPC = 4.8 Hz, Ar of dppe), 131.2 (t, JPC = 5.4 Hz, Ar of dppe), 131.09, 
131.05 (s, Ar of dppe), 130.4–129.9 (m, Ar of dppe), 129.0 (t, JPC = 5.4 Hz, Ar of dppe), 128.9 
(br q, JFC = 31.6 Hz, ArF), 128.8 (t, JPC = 4.8 Hz, Ar of dppe), 127.2 (indenyl), 124.5 (q, JFC = 
272.7 Hz, CF3), 124.3 (C≡N), 123.9 (indenyl), 117.5 (br, ArF), 107.9 (indenyl), 92.9 (indenyl), 
65.8 (indenyl), 28.3 (dd, JPC = 22.8, 22.8 Hz, CH2 of dppe), 2.34 (Me).  31P{1H} NMR (CDCl3): 
 82.3 (s, dppe).  Anal. Calcd for C69H46BF24NP2Ru: C, 54.56; H, 3.05; N, 0.92. Found: C, 
54.63; H, 2.93; N, 0.98.  Molecular structure of 16 was also determined by an X-ray analysis.   
Reaction of the Disubstituted Vinylideneiron Complex [CpFe{=C=C(Ph)C6H4OMe-
p}(dppe)][BArF4] (14a) with PPh3 (Scheme 11).  The reaction was performed by the similar 
procedure described for the reaction of 7 with PPh3.  A mixture of the disubstituted 
vinylideneiron complex 14a (47.4 mg, 0.029 mmol) and PPh3 (9.3 mg, 0.035 mmol, 1.2 equiv) in 
toluene (0.01 M) was stirred at 100 °C for 25 h.  GLC analysis indicated the formation of 
PhC≡CC6H4OMe-p in 67% yield, whereas [CpFe(dppe)(PPh3)][BArF4] (17) was obtained as red 
crystals, which were collected by filtration and dried in vacuo (32.4 mg, 0.019 mmol, 66% yield). 
1H NMR (CDCl3):  7.79–6.01 (br, 47H, Ar), 4.48 (s, 5H, Cp), 2.33 (br, 2H, dppe), 1.83 (br, 2H, 
dppe).  13C{1H} NMR:  161.3 (q, J = 50.0 Hz, ArF), 135.6–135.1 (br m, Ar of dppe), 134.4 
(ArF), 133.8–132.9 (br m, Ar of dppe), 131.9 (br m, Ar of PPh3), 131.2 (br m, Ar of dppe), 130.7 
(br m, Ar of dppe), 130.5 (Ar of dppe), 130.3 (br, Ar of PPh3), 130.0 (br, Ar of dppe), 128.6 (br, 
Ar of dppe, Ar of PPh3), 128.5 (br q, JFC = 32.0 Hz, ArF), 127.8 (br, Ar of PPh3), 124.1 (q, JFC = 
271.9 Hz, CF3), 117.1 (br, ArF), 79.5 (Cp), 23.8 (dd, JPC = 24.0, 20.4 Hz, CH2 of dppe).  31P{1H} 
NMR (CDCl3): δ 40.2 (d, J = 44.5 Hz, dppe), 13.4 (t, J = 44.5 Hz, PPh3).  Anal. Calcd for 
C81H56BF24FeP3: C, 59.15; H, 3.43. Found: C, 58.96; H, 3.18.  Molecular structure of 17 was 
also determined by an X-ray analysis. 
Typical Procedure for Kinetic Experiments (Table 2 entry 1).  In a 5 mL vial under an argon 
atmosphere, 7c (13.6 mg, 0.00847 mmol) and PPh3 (2.7 mg, 0.010 mmol) were dissolved in 
toluene (1.0 mL).  A part of the resulting solution (0.4 mL) was transferred into a pressure-
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resistant NMR tube by using a syringe.  The tube was placed in an NMR probe and maintained 
at 100 °C.  The reaction was monitored every 10 min up to 10 h using the 31P{1H} NMR signals 
assignable to the dppe ligand of 7c (P 76.7) and 15a (P 68.0).   
X-ray Diffraction Studies.  Diffraction data for 4a, 5j, 7a, 8h, 10a, 14a, 15a, 15b, 15d, 16, and 
17 were collected on a Rigaku Mercury CCD area detector with graphite-monochromated Mo 
K radiation ( = 0.71070 Å) at –150 °C.  Intensity data were corrected for Lorenz-polarization 
effects and for empirical absorption (REQAB).30  All calculations were performed using the 
CrystalStructure31 crystallographic software package except for refinements, which were 
performed using SHELXL-97.
32
  The positions of the non-hydrogen atoms were determined by 
direct methods (SIR-9733) and subsequent Fourier syntheses (DIRDIF-99).34  All non-hydrogen 
atoms were refined on Fo2 anisotropically by full-matrix least-square techniques.  Hydrogen 
atoms were placed at the calculated positions with fixed isotropic parameters.  Details of the X-
ray diffraction study are summarized in Table S1–S5.   
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Table S1.  X-ray Crystallographic Data for 4a·2MeOH, and 5j·2C2H4Cl2. 
 4a·2MeOH 5j·2C2H4Cl2 
chemical formula C73H70NO11P7Ru C72H70NO11P7Cl4Ru 
formula weight 1455.24 1585.04 
dimension of crystals 0.60×0.60×0.40 0.60×0.50×0.25 
crystal system triclinic monoclinic 
space group P-1 (#2) P21/c (#14) 
a, Å 9.8148(18) 9.9476(19) 
b, Å 16.692(3) 36.449(7) 
c, Å 20.779(9) 20.012(4) 
, deg 85.009(5)  
, deg 82.014(4) 97.625(2) 
, deg 84.929(5)  
V, Å3 3348.5(11) 7192(2) 
Z 2 4 
calcd, g cm–3 1.443 1.464 
F(000) 1504.00 3256.00 
, cm–1 4.641 5.821 
trans. factors range 0.634-0.831 0.650-0.865 
index ranges –12 ≤ h ≤ 8 –12 ≤ h ≤ 12 
 –21 ≤ k ≤ 21 –47 ≤ k ≤ 47 
 –26 ≤ l ≤ 26 –25 ≤ l ≤ 26 
2 range, deg 5 < 2 < 55 5 < 2 < 55 
no. rflns measured 25710 46105 
no. unique rflns 14803 14757 
Rint 0.035 0.059 
no. rflns (I > 2(I)) 12427 12277 
no. params refined 839 866 
R1 (I > 2(I))a 0.0608 0.0787 
R (All data) 0.0778 0.0984 
wR2 (All data)b 0.1369 0.1796 
GOFc 1.089 1.118 
max diff peak/hole, e Å–3 0.93/–0.73 2.15/–0.98 
a R1 = Σ||Fo| – |Fc||/Σ|Fo|.  b wR2 = [(w(Fo2 – Fc2)2)/w(Fo2)2]−1, w = [2(Fo2) + (pP)2 + qP]–1 [p = 
0.0687 (2·3MeOH), 0.0493 (5a·2MeOH), 0.0614 (6j·2C2H4Cl2); q = 10.5128 (2·3MeOH), 
6.5148 (5a·2MeOH), 26.6392 (6j·2C2H4Cl2), P = (Max(Fo2,0) + 2Fc2)/3.  c GOF = [Σw(Fo2 – 
Fc2)2/(Nobs – Nparams)]1/2. 
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Table S2.  X-ray Crystallographic Data for 7a, and 8f. 
 7a 8h
chemical formula C78H53BF24OP2Ru C68H49BF24P2Ru 
formula weight 1636.07 1495.92 
dimension of crystals 0.85×0.35×0.10 0.35×0.20×0.15 
crystal system triclinic monoclinic 
space group P-1 (#2) P21/c (#14) 
a, Å 13.092(6) 12.517(2) 
b, Å 16.795(7) 18.337(3) 
c, Å 17.523(9) 27.891(5) 
, deg 83.290(17)  
, deg 76.601(13) 94.5545(19) 
, deg 73.136(15)  
V, Å3 3582(3) 6381.8(18) 
Z 2 4 
calcd, g cm–3 1.517 1.557 
F(000) 1648.00 3008.00 
, cm–1 3.721 4.083 
trans. factors range 0.612-0.963 0.464-0.941 
index ranges –16 ≤ h ≤ 11 –13 ≤ h ≤ 16 
 –21 ≤ k ≤ 15 –17 ≤ k ≤ 23 
 –21 ≤ l ≤ 22 –28 ≤ l ≤ 36 
2 range, deg 5 < 2θ < 55 5 < 2θ< 55 
no. rflns measured 27533 49082 
no. unique rflns 15876 14551 
Rint 0.053 0.103 
no. rflns (I > 2(I)) 12400 7764 
no. params refined 992 866
R1 (I > 2(I))a 0.0677 0.0785 
R (All data) 0.0913 0.1413 
wR2 (All data)b 0.1713 0.2371 
GOFc 1.085 0.992 
max diff peak/hole, e Å–3 0.91/–0.78 2.01/–0.81 
a R1 = Σ||Fo| − |Fc||/Σ|Fo|.  b wR2 = [Σ{w(Fo2 − Fc2)2}/Σw(Fo2)2]1/2, w = 1/[2Fo2 + (aP)2 + bP] (a 
and b are constants suggested by the refinement program; P = [max(Fo2,0) + 2Fc2]/3).  cGOF = 
[Σw(Fo2 − Fc2)2/(Nobs − Nparams)]1/2. 
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Table S3.  X-ray Crystallographic Data for 10a, and 14a. 
 10a 14a
chemical formula C88H59BF24OP2Ru C78H53BF24FeOP2 
formula weight 1762.22 1590.84 
dimension of crystals 0.40×0.35×0.35 0.40×0.30×0.20 
crystal system orthorhombic triclinic 
space group Pna21 (#33) P-1 (#2) 
a, Å 25.302(4) 13.058(2) 
b, Å 17.661(3) 16.729(3) 
c, Å 17.522(3) 17.535(3) 
, deg 90 83.108(6) 
, deg 90 77.221(5) 
, deg 90 73.415(5) 
V, Å3 7830(2) 3573.6(10) 
Z 4 2 
calcd, g cm–3 1.495 1.478 
F(000) 3560 1612
, cm–1 3.465 3.643 
trans. factors range 0.711-0.886 0.208-0.930 
index ranges –32 ≤ h ≤ 31 –16 ≤ h ≤ 16 
 –22 ≤ k ≤ 20 –13 ≤ k ≤ 21 
 –22 ≤ l ≤ 22 –22 ≤ l ≤ 22 
2 range, deg 5 < 2θ < 55 5 < 2θ< 55 
no. rflns measured 58993 27796 
no. unique rflns 17062 15859 
Rint 0.049 0.057 
no. rflns (I > 2(I)) 15476 10568 
no. params refined 1055 974
R1 (I > 2(I))a 0.0461 0.0674 
R (All data) 0.0535 0.1067 
wR2 (All data)b 0.0962 0.2288 
GOFc 1.082 1.020 
max diff peak/hole, e Å–3 0.57/–0.54 1.08/–0.90 
a R1 = Σ||Fo| − |Fc||/Σ|Fo|.  b wR2 = [Σ{w(Fo2 − Fc2)2}/Σw(Fo2)2]1/2, w = 1/[2Fo2 + (aP)2 + bP] (a 
and b are constants suggested by the refinement program; P = [max(Fo2,0) + 2Fc2]/3).  cGOF = 
[Σw(Fo2 − Fc2)2/(Nobs − Nparams)]1/2. 
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Table S4.  X-ray Crystallographic Data for 15a, 15b, and 15d.   
  15a 15b·0.5C6H14 15d 
formula C81H56BF24P3Ru C74H59BF24P3Ru C81H56BF24O3P3Ru 
fw 1690.10 1609.04 1738.09 
crystal dimension 0.70 × 0.60 × 0.55 0.35 × 0.15 × 0.10 0.45 × 0.25 × 0.05 
crystal system orthorhombic triclinic triclinic 
space group Pna21 (#33) P-1 (#2) P-1 (#2) 
a, Å 25.140(3) 12.691(3) 12.851(3) 
b, Å 18.189(2) 15.192(3) 19.400(4) 
c, Å 16.2652(18) 19.270(4) 34.548(6) 
, deg 90 69.846(4) 102.177(3) 
, deg 90 84.795(7) 101.918(3) 
, deg 90 82.398(6) 93.3032(15) 
V, Å3 7437.5(14) 3453.1(12) 3798.7(14) 
Z 4 2 2 
calcd, g cm−3 1.509 1.547 1.519 
F(000) 3408 1626 1752 
, cm−1 3.806 4.054 3.777 
transmission factors 
range 0.657 – 0.811 0.704 – 0.960 
0.778 – 0.981 
index range −32 ≤ h ≤ 25 −16 ≤ h ≤ 13 −16 ≤ h ≤ 10 
 −23 ≤ k ≤ 18 −19 ≤ k ≤ 19 −20 ≤ k ≤ 20 
 −21 ≤ l ≤ 20 −20 ≤ l ≤ 25 −25 ≤ l ≤ 23 
no. reflections  55446 26877 29409 total 
unique (Rint) 16743 (0.038) 15355 (0.049) 16848 (0.054) 
I > 2(I) 15622 11573 12276 
no. parameters  1046 927 1028 
R1 (I > 2(I))a 0.0398 0.0647 0.0754 
wR2 (all data)b 0.0912 0.1617 0.1679 
GOF c 1.045 1.059 1.063 
max diff peak 
/ hole, e Å−3 0.87/−0.47 1.06/−0.79 1.14/−0.90 
a R1 = Σ||Fo| − |Fc||/Σ|Fo|.  b wR2 = [Σ{w(Fo2 − Fc2)2}/Σw(Fo2)2]1/2, w = 1/[2Fo2 + (aP)2 + bP] 
(a and b are constants suggested by the refinement program; P = [max(Fo2,0) + 2Fc2]/3).  cGOF = 
[Σw(Fo2 − Fc2)2/(Nobs − Nparams)]1/2.   
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Table S5.  X-ray Crystallographic Data for 5 and 7.   
  16 17  
formula C75H57BF24NP2Ru C81H56BF24FeP3  
fw 1602.07 1644.87  
crystal dimension 0.55 × 0.20 × 0.10 0.35 × 0.30 × 0.25  
crystal system monoclinic triclinic  
space group P21/n (#14) P-1 (#2)  
a, Å 16.296(4) 15.385(4)  
b, Å 20.171(6) 16.247(4)  
c, Å 21.636(6) 17.241(4)  
, deg 90 108.781(2)  
, deg 93.294(3) 109.2188(11)  
, deg 90 101.6986(18)  
V, Å3 7100(3) 3615.4(14)  
Z 4 2  
calcd, g cm−3 1.499 1.511  
F(000) 3236 1668  
, cm−1 3.729 3.829  
transmission factors 
range 0.664 – 0.963 0.475 – 0.909 
 
index range −21 ≤ h ≤ 17 −19 ≤ h ≤ 18  
 −19 ≤ k ≤ 26 −21 ≤ k ≤ 20  
 −21 ≤ l ≤ 28 −22 ≤ l ≤ 16  
no. reflections  53640 28166  total 
unique (Rint) 16135 (0.096) 16028 (0.060)  
I > 2(I) 11092 10223  
no. parameters  974 992  
R1 (I > 2(I))a 0.1046 0.0626  
wR2 (all data)b 0.2111 0.1671  
GOF c 1.132 0.990  
max diff peak 
/ hole, e Å−3 0.95/−0.76 0.71/−0.49  
a R1 = Σ||Fo| − |Fc||/Σ|Fo|.  b wR2 = [Σ{w(Fo2 − Fc2)2}/Σw(Fo2)2]1/2, w = 1/[2Fo2 + (aP)2 + bP] 
(a and b are constants suggested by the refinement program; P = [max(Fo2,0) + 2Fc2]/3).  cGOF = 
[Σw(Fo2 − Fc2)2/(Nobs − Nparams)]1/2. 
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Figure S1.  ORTEP drawing of the cationic part of 15a.  Thermal ellipsoids are shown at the 
50% probability level.  Hydrogen atoms are omitted for clarity.   
Ru1
P1
P2 P3
 
Figure S2.  ORTEP drawing of the cationic part of 15b·0.5C6H14.  Thermal ellipsoids are shown 
at the 50% probability level.  Hydrogen atoms are omitted for clarity. 
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Figure S3.  ORTEP drawing of the cationic part of 15d.  Thermal ellipsoids are shown at the 
50% probability level.  Hydrogen atoms are omitted for clarity. 
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Figure S4.  ORTEP drawing of the cationic part of 16.  Thermal ellipsoids are shown at the 50% 
probability level.  Hydrogen atoms are omitted for clarity. 
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Figure S5.  ORTEP drawing of the cationic part of 17.  Thermal ellipsoids are shown at the 50% 
probability level.  Hydrogen atoms are omitted for clarity.   
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Chapter 3 
Reactivities of Indenylruthenium Complex toward 
Internal Alkynes: Formation of Disubstituted 
Vinylidene Complexes and Indenyl–Alkyne Coupling 
 
Reaction of the indenylruthenium complex [(η5-C9H7)RuCl(dppe)] with internal alkynes 
(MeC≡CR, R = Et, Ph) in the presence of NaBArF4 gives rise to two types of C–C bond 
activation, i.e. alkyne insertion/β-carbon elimination and internal alkyne/disubstituted vinylidene 
rearrangement, as reversible processes.  At 70 ˚C, regioisomeric complexes [Ru{C(Me)=C(R)–
(η6-C9H7)}(dppe)][BArF4] (2) and [Ru{C(R)=C(Me)–(η6-C9H7)}(dppe)][BArF4] (2′) are formed 
through insertion of the alkyne into the Ru–indenyl bond followed by haptotropic rearrangement.  
Complex 2′ isomerize completely to 2 at this temperature after longer reaction time.  At 130 ˚C, 
complex 2 is further converted into the disubstituted vinylidene complexes [(η5-
C9H7)Ru{=C=C(R)Me}(dppe)][BArF4] (3) through alkyne–vinylidene rearrangement of the η2-
alkyne intermediate.  This provides a rare example of direct observation of the β-carbon 
elimination from an unstrained transition metal alkenyl complex.   
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3-1, Introduction 
 Vinylidene rearrangement of terminal alkynes at transition metal complexes as well as its 
applications for organic synthesis has been studied for more than thirty years, and its mechanistic 
details have been well documented in the literature.1  On the other hand, formation of 
disubstituted vinylidene complexes from internal alkynes has not been recognized as a common 
process so far,1b,1l although rearrangement of a few acyl alkynes to the corresponding vinylidenes 
has been reported.2  In this context, the author has revealed that general internal alkynes can take 
part in the vinylidene rearrangement at anionic and cationic ruthenium and iron complexes such 
as [Ru(P3O9)(dppe)]– (dppe = Ph2PCH2CH2PPh2) and [CpM(PP)]+ (M = Ru, Fe; PP = dppe, 
2PPh3), which was already described in Chapter 2.3   
 To establish this rearrangement as a reliable and powerful activation method of internal 
alkynes, the author has turned attention to an indenylruthenium complex, [(η5-C9H7)Ru(dppe)]+, 
which can be conveniently generated from readily available [(η5-C9H7)RuCl(dppe)] (1),4 as the 
next reaction site.  The indenyl ligand is a better π acceptor in comparison with Cp and readily 
undergoes hapticity change5 and envisioned that, by considering such effects, either the η2-
alkyne or η1-disubstituted vinylidene complex can selectively be generated by adopting 
appropriate conditions.  Quite unexpectedly, it has been found that the insertion of an internal 
alkyne into the Ru–indenyl bond and its back reaction, i.e. β-carbon elimination, compete with 
the vinylidene rearrangement of the alkyne.  These two types of C–C bond forming and cleaving 
reactions could be controlled by varying the reaction temperature.  The β-carbon elimination of 
transition metal alkyl complexes has been proposed as a key step in many transition-metal-
catalyzed reactions.6  Although this elementary process has been observed directly in several 
systems,7 its reversibility has been exemplified only with strained ruthenacyclobutanes (Scheme 
1).7b,d   
 
 
Scheme 1. Reversible conversion between ruthenacyclobutane and η3-allyl complexes.   
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3-2, Results and discussions 
3-2-1. Formation and Isomerization of Indenyl–Alkyne Coupling Complexes.   
 When complex 1 was allowed to react with EtC≡CMe (5 equiv) in the presence of 
NaBArF4 (1.2 equiv) at 70 ˚C for 4 h in p-xylene, the 31P{1H} NMR spectrum of the resulting 
yellow reaction mixture showed a set of doublet resonances at δ 76.0 (d, 2JPP = 35 Hz) and δ 85.8 
(d, 2JPP = 35 Hz), indicating the nonequivalence of the phosphorus nuclei of the product.  
Recrystallization of this yellow solution afforded the cyclometallated (η6-indene)ruthenium 
complex [Ru{C(Me)=C(Et)–(η6-C9H7)}(dppe)][BArF4] (2a), which is formed through indenyl–
alkyne coupling in 67% yield as the sole product, instead of the expected disubstituted 
vinylidene complex [(η5-C9H7)Ru(=C=C(Et)Me)(dppe)][BArF4] (3a) (Scheme 2).  The 1H and 
13C{1H} NMR spectra are in agreement with the proposed structure; the 13C resonance at δ 153.1 
(t, 2JCP = 2JCPʹ = 13 Hz) assignable to the metal-bound alkenyl carbon of Ru–C(Me)=CEt is 
diagnostic of the indenyl-alkyne coupling product.   
 
 
Scheme 2. Reaction of 1 with internal alkynes and NaBArF4. 
 
 Finally, the molecular structure of 2a has been determined unambiguously by a single-
crystal X-ray diffraction study (Figure 1, left).  Formation of the C2–C6 bond clearly indicates 
the insertion of the alkyne into the Ru–indenyl bond with a syn stereochemistry, and at the same 
time the coordination mode of the indenyl moiety is slipped from η5 to η6.5  Complex 2a adopts a 
typical three-legged piano-stool structure with the functionalized η6-indene ligand, the two 
phosphorus atoms of dppe, and the alkenyl carbon atom.  The Ru1–C1 bond length of 2.116(5) Å 
is consistent with a ruthenium–carbon single bond.  The C1–C2 bond length [1.341(7) Å] as well 
as the planar geometry of these carbon atoms are also in good agreement with the formulation of 
C=C double bond.  Similarly, [Ru{C(Me)=C(Ph)–(η6-C9H7)}(dppe)][BArF4] (2b) was obtained 
from the reaction of 1, PhC≡CMe, and NaBArF4 with longer reaction time.  Although this 
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reaction provided a mixture of 2b and the corresponding vinylidene complex [(η5-
C9H7)Ru{=C=C(Ph)Me}(dppe)][BArF4] (3b) (vide infra) in a ratio of 1:0.05, 2b could be 
isolated by simple recrystallization in 63% yield as yellow crystals (Figure 1, right).   
 
 
Figure 1. ORTEP drawings of 2a (left) and 2b (right).  Anionic part and hydrogen atoms except 
for H6 of 2a and H10 of 2b are omitted for clarity.  Selected bond lengths (Å) and angles (deg): 
2a, Ru1–C1, 2.116(5); C1–C2, 1.341(7); C2–C6, 1.523(8); C7–C8, 1.341(9); Ru1–C1–C2, 
117.1(4); Ru1–C1–C3, 123.5(4); C2–C1–C3, 119.3(5); C1–C2–C4, 125.8(5); C1–C2–C6, 
120.7(5); C4–C2–C6, 113.5(5); 2b, Ru1–C1, 2.107(4); C1–C2, 1.336(6); C2–C10, 1.545(6); 
C11–C12, 1.367(8); Ru1–C1–C2, 116.9(3); Ru1–C1–C3, 124.9(3); C2–C1–C3, 118.1(4); C1–
C2–C4, 124.9(4); C1–C2–C10, 121.3(4)); C4–C2–C10, 113.7(4).. 
 
 To gain deeper insight into the early stage of this reaction, the author monitored the 
progress of the reaction of 1 with EtC≡CMe at 70 ˚C by means of 31P{1H} NMR (Scheme 3, 
Figure 2).  After 30 min, 1 was consumed completely, and two pairs of doublet signals were 
observed in the intensity ratio of 1:0.30.  The major doublet is assigned to 2a, whereas the minor 
one is attributable to the regioisomer of 2a, [Ru{C(Et)=C(Me)–(η6-C9H7)}(dppe)][BArF4] (2a′) 
on the basis of the similar 31P{1H} NMR [δ 72.5 (d, 2JPP = 35 Hz) and 83.0 (d, 2JPP = 35 Hz)] and 
13C{1H} NMR [δ 158.5 (t, 2JCP = 2JCPʹ = 13 Hz)] data of 2a′ to those of 2a.  One interesting 
feature of 2a′ is that it exhibits a remarkably up-field shifted Et signals in the 1H NMR [δ −0.29 
(d, J = 7.4 Hz, 3H, CH2CH3), 0.91–0.64 (m, 2H, CH2CH3)] which the CH3–C= signal appears in 
the normal region (δ 1.77, s, 3H).  This indicates the Et group is located close to one of the dppe 
Ph groups (vide infra).8  On further heating, isomerization of 2a′ to 2a was observed, which 
completed in additional 3.5 h.  A similar behavior was observed with PhC≡CMe albeit with a 
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lower reaction rate; the reaction for 2 h at 70 ˚C gave a mixture of 2b and [Ru{C(Ph)=C(Me)–
(η6-C9H7)}(dppe)][BArF4] (2b′) in the ratio of 1:0.45, and 2b′ was completely transformed into 
2b by heating for additional 17 h.   
 
 
Scheme 3. Isomerization of 2′ to 2 at 70 ˚C. 
7075808590
70 °C, 0.5 h2a 2a
2a' 2a'
70 °C, 4 h2a 2a
130 °C, 2 h2a 2a 3a
130 °C, 8 h 3a
 
Figure 2. 31P{1H} NMR spectra of the isomerization of 2aʹ to 2a at 70 ˚C, and 2a to 3a at 130 
˚C in p-xylene. 
 
3-2-2. Isomerization of 2 to Disubstituted Vinylidene Complexes 3. 
 A further reaction of 2 was observed at higher temperatures (Scheme 4).  Thus, when a p-
xylene solution of 2a generated in situ was heated at 130 ˚C for 8 h, 31P{1H} NMR spectra of the 
solution indicated complete transformation of 2a into a new species which exhibits one singlet at 
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δ 75.8 (Figure 2).  After recrystallization, the vinylidene complex [(η5-
C9H7)Ru{=C=C(Et)Me}(dppe)][BArF4] (3a) was obtained in 61% yield as red crystals.  
Complex 3a exhibits a 13C{1H} NMR signal at δ 351.3 (t, 2JCP = 17.0 Hz) characteristic of the α 
carbon of a vinylidene ligand, and its structure has been confirmed by X-ray analysis (Figure 3, 
left).   
 
 
Scheme 4. Isomerization of 2 to 3 at 130 ˚C.   
 
 
Figure 3. ORTEP drawings of 3a (left), 3b (center), and 4 (right).  Anionic part and hydrogen 
atoms are omitted for clarity.  Selected bond lengths (Å) and angles (deg): 3a, Ru1–C1, 
1.837(4); C1–C2, 1.315(5); Ru1–C1–C2, 174.0(3); C1–C2–C3, 125.3(4); C1–C2–C4, 118.7(3); 
C3–C2–C4, 115.9(3); 3b, Ru1–C1, 1.831(4); C1–C2, 1.310(6); Ru1–C1–C2, 176.6(4); C1–C2–
C3, 121.3(4); C1–C2–C4, 120.8(4); C3–C2–C4, 117.7(4); 4, Ru1–C1, 1.845(5); C1–C2, 
1.320(7); Ru1–C1–C2, 175.5(4); C1–C2–C3, 114.9(4); C1–C2–C9, 124.3(4); C3–C2–C9, 
120.7(5).   
 
 The Ru1–C1 and C1–C2 bond distances of 1.837(4) Å and 1.315(5) Å, respectively, and 
the Ru1–C1–C2 bond angle of 174.0(3)˚ are comparable to those of known indenylruthenium 
vinylidene complexes.9  Although similar isomerization of 2b to 3b10 was observed at 130 ˚C, 
the reaction for 8 h led to an equilibrium mixture of 2b and 3b in a ratio of 0.4:1 (31P{1H} 
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NMR).11  Fortunately, 3b could be isolated by column chromatography on silica gel, albeit in 
low yield, and fully characterized by means of spectroscopic as well as crystallographic 
measurements (Figure 3, center).  It is also interesting to note that the reaction of 1 with 
diphenylacetylene at 70 ˚C gives rise to the direct formation of diphenylvinylidene complex [(η5-
C9H7)Ru(=C=CPh2)(dppe)][BArF4] (4) as the sole product in 76% yield, and the corresponding 
indenyl–alkyne coupling products were not observed (Scheme 5).  The author has already 
reported that the diphenylacetylene exhibits relatively high reactivity toward the internal alkyne–
disubstituted vinylidene rearrangement.3b  In the present case, the vinylidene rearrangement of 
diphenylacetylene proceeds much faster than the indenyl–alkyne coupling (vide infra).   
 
 
Scheme 5. Reaction of 1 with PhC≡CPh and NaBArF4.   
 
3-2-3. Reaction Mechanisms. 
 Gimeno reported the formation of related η6-indene complexes through the alkenyl-
vinylidene complexes [(η5-C9H7)Ru{=C=C(H)CR1R2CH2CH=CH2}(PPh3)2]+ (R1, R2 = Ar) 
(Scheme 6).12   
 
Scheme 6. Coupling reaction between an η5-indenyl ligand and alkenyl-vinylidene ligands. 
 
 Although its mechanism has not been clarified, intramolecular [2 + 2] cycloaddition13 or 
direct carbocyclyzation14 of the alkenyl-vinylidene ligand was suggested to be involved.  
However, we consider that the present reaction proceeds through a different process.  Judging 
from the previous3a,b and above observations, an η2-alkyne complexes [(η5-C9H7)Ru(η2-
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RC≡CMe)(dppe)][BArF4] (5a, R = Et; 5b, R = Ph) should be involved as an intermediate 
(Scheme 7).  Complex 2 and 2′ are competitively formed as the kinetic products through 
insertion of an alkyne into the Ru–indenyl bond followed by haptotropic rearrangement of the 
indenyl ligand to an η6 fashion to form a stable 18e structure.  On keeping at 70 ˚C, 2′ slowly 
isomerizes to 2 through the β-carbon elimination to regenerate the η2-alkyne complex 5 followed 
by insertion of the alkyne into the Ru–indenyl bond with the opposite regiochemistry.  Therefore 
2a and 2b are the thermodynamic products at 70 ˚C.  It should be pointed out that slippage of the 
ruthenium center from the η6-arene structure in 2 (or 2′) to the η4-cyclopentadiene complex is a 
prerequisite for the β-carbon elimination.  It is considered that the coordinatively non-rigid 
nature of the indene and indenyl ligands should be an important factor for the present facile β-
carbon elimination.  At 130 °C, on the other hand, the alkyne-to-vinylidene isomerization of 
complex 5 starts to compete with the alkyne insertion, and the more thermodynamically favored 
3 becomes the major product.15   
 For better understanding of the above observation, density functional theory (DFT) 
calculations on the cationic part of 2a, 2a′, 3a, and 5a were performed with the M06 functional.  
The SDD effective core potential with the corresponding basis set on Ru and the 6-31G(d) basis 
set on the other atoms were employed for the Ru complexes.  Gibbs free energies of 2a′, 3a, and 
4a relative to 2a are listed in Scheme 7.  Complex 2a′ and 5a are comparable in energy at 70 ˚C, 
while 2a is more stable in energy than 2a′ and 5a by 5.65 and 5.85 kcal/mol, respectively.  The 
higher stability of 2a than 2a′ is attributable to the steric congestion between the Et substituent 
and one of the Ph groups of the dppe ligand.  In fact, the CH3 protons of the Et substituent 
exhibit remarkable up-field shift in the 1H NMR (vide supra).  Complex 3a is the most stable 
among 2a–5a at both 70 ˚C and 130 ˚C, and the energy difference between 2a and 3a is enlarged 
from 3.25 kcal/mol to 3.68 kcal/mol with increased temperature.  These theoretical results could 
give good explanation for the relationship between the experimental findings and the relative 
Gibbs free energies of the products, although we have to await detailed DFT analysis to reveal 
structures and relative energies of transition states for these reactions.   
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Scheme 7. Gibbs energy differences of 2aʹ, 3a, and 4a relative to 2a. 
 
 The β-carbon elimination has recently been found to proceed with various transition 
metal complexes,6 although that at ruthenium complexes is still uncommon.16  In addition, to the 
best of our knowledge, examples of β-carbon elimination at metal alkenyl complexes are very 
rare,7e,17 and the reversible alkyne insertion/β-carbon elimination process in an unstrained system 
is unprecedented.7b,d  Therefore, the present reaction provides the first example of temperature 
controlled competition of alkyne insertion/β-carbon elimination and alkyne/vinylidene 
rearrangement.   
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2
2
2
 
Scheme 8. β-carbon elimination from alkenyl complex.   
 
 
Scheme 9. β-Carbon elimination from iminyl complex.   
 
3-3, Conclusion 
 In this chapter, the author has described that both internal alkyne/disubstituted vinylidene 
rearrangement and alkyne insertion/β-carbon elimination take place at an indenylruthenium 
complex as temperature-controlled reversible processes.  This reaction provides a rare example 
of direct observation of the β-carbon elimination from an unstrained transition metal alkenyl 
complex.   
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Experimental section 
General Considerations.  All manipulations were carried out under under an argon atmosphere 
by using standard Schlenk techniques unless otherwise stated.  p-Xylene was dried over 
activated molecular sieves 4A, degassed by freeze-pump-thaw cycles, and stored under an argon 
atmosphere.  The other solvents (dehydrated-grade) were purchased from Sigma-Aldrich and 
purged with argon before use.  [(η5-C9H7)RuCl(dppe)] (1),4 and NaBArF4·2H2O18 were 
synthesized according to the literature.  1H (500 MHz), 13C{1H} (126 MHz), and 31P{1H} (202 
MHz) NMR spectra were recorded on a JEOL ECA-500 spectrometer.  Chemical shifts are 
reported in δ, referenced to residual 1H and 13C signals of deuterated solvents as internal 
standards or to the 31P signal of PPh3 (δ –5.65) as an external standard.  IR spectra were recorded 
on a JASCO FT/IR-4200 spectrometer by using KBr pellets.  Elemental analyses were 
performed on a Perkin Elmer 2400 series II CHN analyzer.  Amounts of the solvent molecules in 
the crystals were determined not only by elemental analyses but also by 1H NMR spectroscopy. 
[Ru{C(Me)=C(Et)–(η6-C9H7)}(dppe)][BArF4] (2a).  A mixture of [(5-C9H7)RuCl(dppe)] (1; 26.2 mg, 
0.040 mmol), NaBArF4·2H2O (48.0 mg, 0.052 mmol), and 2-pentyne (19 μl, 0.20 mmol, 5 equiv) 
in p-xylene (2 mL)  was stirred at 70 °C for 4 h.  The resulting yellow suspension was filtered 
through a plug of Celite, and the plug was rinsed off with E2O.  The combined filtrate was dried 
in vacuo, and the residue was recrystallized from Et2O/hexanes to give 2a (42.0 mg, 0.027 mmol, 
67% yield) as yellow crystals.   31P{1H} NMR (CD2Cl2): δ 85.8 (d, 2JPP = 35 Hz, dppe), 76.0 (d, 
2JPP = 35 Hz, dppe).  1H NMR (CD2Cl2): δ 7.88–7.00 (m, 32H, Ar), 6.71–6.61 (m, 2H, η6-
indenyl), 5.99–5.97 (m, 1H, 6-indenyl), 5.16–5.14 (m, 1H, 6-indenyl), 4.64–4.57 (m, 2H, 6-
indenyl), 4.36 (br, 1H, η6-indenyl), 3.13–2.69 (m, 4H, CH2 of dppe), 2.14–1.93 (m, 2H, 
CH2CH3), 1.03 (t, 3H, CH2CH3), 0.53 (s, 3H, CH3).  13C{1H} NMR (CD2Cl2): δ 154.2 (s, Ru–
C=C), 153.1 (t, 2JCP = 2JCP = 13 Hz, Ru–C(Me)), signals due to the sp2 carbons are overlapping 
and could not be assigned.  Anal. Calcd for C72H51BF24P2Ru (2a): C, 55.94; H, 3.33. Found: C, 
56.06; H, 3.16. 
[Ru{C(Me)=C(Ph)–(η6-C9H7)}(dppe)][BArF4] (2b).  A mixture of  [(5-C9H7)RuCl(dppe)] (1; 24.7 mg, 
0.038 mmol), NaBArF4·2H2O (42.6 mg, 0.046 mmol), and 1-phenyl-1-propyne (24 μl, 0.194 
mmol, 5 equiv) in p-xylene (2 mL) was stirred at 70 °C for 19 h.  The 31P{1H}NMR spectrum of 
the reaction mixture indicated complete consumption of 1 and formation of 2b (δ 86.4 and 77.8) 
and 3b (δ 75.1) in a ratio of 1/0.05.  The resulting yellow solution was filtered through a plug of 
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Celite, and the plug was rinsed off with Et2O.  The combined filtrate was dried in vacuo, and the 
residue was recrystallized from Et2O–benzene/hexane.  Two kinds of crystals, i.e., the yellow 
blocks (2b) and red microcrystals (3b) were deposited as a mixture.  The yellow blocks were 
separated manually from the mixture and recrystallized from Et2O/hexane to afford 2b·0.5Et2O 
(39.0 mg, 0.024 mmol, 63% yield).  Single crystals of 2b·C6H6 suitable for X-ray analysis were 
obtained by recrystallization from benzene/hexane.  31P{1H} NMR (CD2Cl2): δ 86.6 (d, 2JPP = 35 
Hz, dppe), 77.9 (d, 2JPP = 35 Hz, dppe).  1H NMR (CD2Cl2): δ 7.97–7.04 (m, 37H, Ar), 6.84–
6.83 (m, 1H, η6-indenyl), 6.66–6.65 (m, 1H, η6-indenyl), 6.20–6.19 (m, 1H, η6-indenyl), 5.36–
5.34 (m, 1H, η6-indenyl), 4.68–4.64 (m, 2H, η6-indenyl), 4.57 (br, 1H, η6-indenyl), 3.15–2.75 (m, 
4H, CH2 of dppe), 0.47 (s, 3H, CH3).  13C{1H} NMR (CD2Cl2): δ 158.2 (t, 2JCP = 2JCP = 13 Hz, 
Ru–C–Me), 153.4 (s, Ru–C=C), signals due to the sp2 carbons are overlapping and could not be 
assigned.  Anal. Calcd for C78H56BF24O0.5P2Ru (2b·0.5Et2O): C, 57.44; H, 3.46. Found: C, 
57.70; H, 3.28. 
[(η5-C9H7)Ru(=C=C(Et)Me)(dppe)][BArF4] (3a).  A mixture of [(η5-C9H7)RuCl(dppe)] (1; 27.2 mg, 
0.042 mmol), NaBArF4·2H2O (43.0 mg, 0.047 mmol), and 2-pentyne (19 μl, 0.206 mmol, 5 
equiv) in p-xylene (2 mL) was stirred at 70 for 4 h.  The 31P{1H} NMR of the reaction mixture 
indicated the formation of 3a as the sole product.  Then, the resulting yellow suspension was 
heated at 130 °C for 8 h.  The orange reaction mixture was filtered through a plug of Celite, and 
the plug was rinsed with Et2O.  The combined filtrate was dried in vacuo, and the residue was 
recrystallized from Et2O/hexanes to give 3a (39.4 mg, 0.026 mmol, 61% yield) as red crystals.  
31P{1H} NMR (CD2Cl2): δ 76.0 (s, dppe).  1H NMR (CD2Cl2): δ 7.71–6.86 (m, 36H, Ar), 5.72 
(br, 2H, indenyl), 5.67 (br, 1H, indenyl), 2.61–2.40 (m, 4H, CH2 of dppe), 1.09 (q, J = 7.4 Hz, 
2H, CH2CH3), 0.82 (s, 3H, Me), 0.55 (t, J = 7.4 Hz, 3H, CH2CH3).  13C{1H} NMR (CD2Cl2): δ 
351.3 (t, 2JCP = 17.0 Hz, Ru=C=C), signals due to the sp2 carbons are overlapping and could not 
be assigned.  IR (cm–1): 1682 (m, νC=C).  Anal. Calcd for C72H51BF24P2Ru (3a): C, 55.94; H, 3.33. 
Found: C, 55.74; H, 3.10. 
[(η5-C9H7)Ru(=C=C(Ph)Me)(dppe)][BArF4] (3b).  A mixture of [(η5-C9H7)RuCl(dppe)] (1; 30.3 mg, 
0.047 mmol), NaBArF4·2H2O (51.9 mg, 0.056 mmol), and 1-phenyl-1-propyne (30 μl, 0.243 
mmol, 5 equiv) in p-xylene (3 mL) was stirred at 70 °C for 19 h.  After the formation of a 
mixture of 2b and 3b was confirmed by 31P{1H} NMR, the resulting yellow suspension was 
heated at 130 °C for 8 h.  The 31P NMR spectrum of the orange reaction mixture indicated the 
formation of 3b (δ 75.1) and 2b (δ 86.4 and 77.8) in a ratio of 1/0.4.  The mixture was filtered 
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through a plug of Celite, and the plug was rinsed off with Et2O.  The combined filtrate was dried 
under vacuum, and the residue was chromatographed on silica gel (eluent CH2Cl2/Et2O = 1/4).  
The desired product was obtained by collecting an orange fraction.  The orange eluate was dried 
under vacuum, and recrystallized from Et2O/hexane to afford 3b (21.4 mg, 0.013 mmol, 28% 
yield) as red crystals.   31P{1H} NMR (CD2Cl2): δ 75.1 (s, dppe).  1H NMR (CD2Cl2): δ 7.73–
6.49 (m, 41H, Ar), 5.89 (br, 1H, indenyl), 5.86 (br, 2H, indenyl), 2.72–2.66 (m, 2H, CH2 of 
dppe), 2.58–2.52 (m, 2H, CH2 of dppe), 1.21 (s, 3H, Me).  13C{1H} NMR (CD2Cl2): δ 356.1 (t, 
2JCP = 17.2 Hz, Ru=C=C), 112.5 (s, Ru=C=C), 96.7, 79.2 (s, indenyl), 27.2–26.9 (m, CH2 of 
dppe), 8.73 (s, Me), signals due to the sp2 carbons are overlapping and could not be assigned.  IR 
(KBr, cm–1): 1639 (m, νC=C).  Anal. Calcd for C76H51BF24P2Ru (3b): C, 57.27; H, 3.22. Found: C, 
57.11; H, 3.06. 
[(η5-C9H7)Ru(=C=CPh2)(dppe)][BArF4] (4).  A mixture of  [(η5-C9H7)RuCl(dppe)] (1; 29.3 mg, 0.045 
mmol), NaBArF4·2H2O (50.9 mg, 0.055 mmol), and diphenylacetylene (40.2 mg, 0.226 mmol, 5 
equiv) in p-xylene (2 mL) was stirred at 70 °C for 1 h.  The resulting red suspension was filtered 
through a plug of Celite, and the plug was rinsed off with Et2O.  The combined filtrate was dried 
in vacuo, and the residue was recrystallized from Et2O/hexanes to give 4a (56.6 mg, 0.034 mmol, 
76% yield) as red crystals.  31P{1H} NMR (CD2Cl2): δ 75.2 (s, dppe).  1H NMR (CD2Cl2): δ 
7.75–6.50 (m, 46H, Ar), 5.99–5.95 (m, 3H, indenyl), 3.04–2.92 (m, 2H, CH2 of dppe), 2.73–2.61 
(m, 2H, CH2 of dppe).  13C{1H} NMR (CD2Cl2): δ 351.1 (t, 2JCP = 16.7 Hz, Ru=C=C).  IR (cm–
1): 1626 (w, νC=C).  Anal. Calcd for C81H53BF24P2Ru (4): C, 58.75; H, 3.23. Found: C, 58.36; H, 
3.07. 
X-ray Diffraction Studies.  Diffraction data for 2a, 2b·C6H6, 3a, 3b, and 4 were collected on a 
Rigaku Mercury CCD area detector with graphite-monochromated Mo Kα radiation (λ = 0.71070 
Å) at –150 °C.  Intensity data were corrected for Lorenz-polarization effects and for empirical 
absorption (REQAB).19  All calculations were performed using the CrystalStructure20 
crystallographic software package except for refinements, which were performed using 
SHELXL-97.
21
  The positions of the non-hydrogen atoms were determined by direct methods 
(SIR-200822) and subsequent Fourier syntheses (DIRDIF-99).23  All non-hydrogen atoms were 
refined on Fo2 anisotropically by full-matrix least-square techniques.  All hydrogen atoms were 
placed at the calculated positions with fixed isotropic parameters.  Details of the X-ray 
diffraction study are summarized in Table S1 and S2.  
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Computational Details.  All density functional theory (DFT) calculations were performed using the 
Gaussian 09 package.23  The computers used in the present study are Linux PC cluster machines 
at Ochanomizu University and the computer facilities at the Research Center for Computational 
Science in Okazaki, Japan.  Geometries of the cationic part of 2a, 2aʹ, 3a, and 5a were fully 
optimized using the M0624 density functional with the effective core potential (ECP) and basis 
sets: the Stuttgart/Dresden (SDD) ECP with the corresponding basis set for Ru25,26 and the 6-
31G(d)* basis set for the remaining non-metal atoms.  The combined basis set is denoted as 
SDD-6-31G(d) throughout this article.  Vibrational analysis based on the force constant matrices 
(Hessians) was carried out at the stationary points in order to identify them as minima (all 
positive constants), transition states (one negative force constant), or higher-order saddle points.  
Optimized Cartesian coordinates were summarized in Tables S3–S6.  The optimized structures 
of the cationic part of 2a and 3a in the ground state along with the selected calculated structural 
parameters and the experimental values obtained by X-ray crystallography are summarized in 
Tables S7 and S9.  The local minimum structures of complexes 2aʹ and 5a with the selected 
structural parameters are summarized in Tables S8 and S10.  The potential energy differences 
relative to 2a are described in the main text of this paper. 
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Table S1.  X-ray Crystallographic Data for 2a and 2b·C6H6 
 2a 2b·C6H6 
CCDC 932473 932476 
formula C72H51BF24P2Ru C82H57BF24P2Ru 
fw 1545.98 1672.14 
crystal dimension 0.26 × 0.24 × 0.14 0.32 × 0.29 × 0.14 
crystal system monoclinic triclinic 
space group P21/c (#14) P1
_
 (#2) 
a, Å 13.559(3) 13.856(3) 
b, Å 24.731(4) 14.739(3) 
c, Å 20.187(4) 18.294(3) 
, deg 90 88.817(4) 
, deg 99.449(3) 89.534(4) 
, deg 90 88.275(4) 
V, Å3 6677(2) 3733.4(11) 
Z 4 2 
calcd, g cm−3 1.538 1.487 
F(000) 3112 1688.00 
, cm−1 3.930 3.578 
transmission factors range 0.907 – 0.945 0.866 – 0.950 
index range −17 ≤ h ≤ 17 −14 ≤ h ≤ 17 
 −32 ≤ k ≤ 25 −19 ≤ k ≤ 19 
 −26 ≤ l ≤ 23 −23 ≤ l ≤ 22 
no. reflections  51608 28861 total 
unique (Rint) 15217 (0.1058) 16527 (0.0436) 
I > 2(I) 8952 12357 
no. parameters  901 1081 
R1 (I > 2(I))a 0.0777 0.0629 
wR2 (all data)b 0.1685 0.1748 
GOF c 1.030 1.047 
max diff peak / hole, e Å−3 1.02/–0.72 1.57/−1.03 
a R1 = ||Fo| − |Fc||/Σ|Fo|.  b wR2 = [{w(Fo2 − Fc2)2}/w(Fo2)2]1/2, w = 1/[2Fo2 + (aP)2 + bP] 
(a and b are constants suggested by the refinement program; P = [max(Fo2,0) + 2Fc2]/3).  cGOF = 
[w(Fo2 − Fc2)2/(Nobs − Nparams)]1/2. 
 
Table S2.  X-ray Crystallographic Data for 3a, 3b, and 4. 
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 3a 3b 4 
CCDC 932474 932476 932477 
formula C72H51BF24P2Ru C76H51BF24P2Ru C81H53BF24P2Ru 
fw 1545.98 1594.03 1656.10 
crystal dimension 0.42 × 0.24 × 0.19 0.45 × 0.25 × 0.23 0.40 × 0.25 × 0.25 
crystal system monoclinic monoclinic triclinic 
space group P21/c (#14) P21/c (#14) P1
_
 (#2) 
a, Å 15.387(4) 13.581(3) 12.906(2) 
b, Å 29.609(6) 20.354(4) 15.614(3) 
c, Å 15.159(4) 24.761(5) 18.940(3) 
, deg 90 90 81.714(5) 
, deg 106.151(2) 101.421(2) 75.882(5) 
, deg 90 90 89.001(6) 
V, Å3 6634(3) 6709(3) 3662.3(11) 
Z 4 4 2 
calcd, g cm−3 1.548 1.578 1.502 
F(000) 3112.00 3208 1668 
, cm−1 3.956 3.939 3.640 
transmission factors 
range 0.885 – 0.927 0.875 – 0.914 0.827 – 0.913 
index range −19 ≤ h ≤ 19 −17 ≤ h ≤ 17 −16 ≤ h ≤ 16 
 −38 ≤ k ≤ 33 −26 ≤ k ≤ 16 −20 ≤ k ≤ 20 
 −19 ≤ l ≤ 19 −31 ≤ l ≤ 32 −18 ≤ l ≤ 24 
no. reflections  50621 50845 28671 total 
unique (Rint) 15085 (0.0599) 15287 (0.0836) 16293 (0.0417) 
I > 2(I) 11323 10890 11814 
no. parameters  928 937 986 
R1 (I > 2(I))a 0.0552 0.0548 0.0716 
wR2 (all data)b 0.1345 0.1921 0.1684 
GOF c 1.047 1.016 1.043 
max diff peak / hole,  
e Å−3 0.52/–0.72 1.87/–1.55 1.60/−0.91 
a R1 = ||Fo| − |Fc||/|Fo|.  b wR2 = [{w(Fo2 − Fc2)2}/w(Fo2)2]1/2, w = 1/[2Fo2 + (aP)2 + bP] 
(a and b are constants suggested by the refinement program; P = [max(Fo2,0) + 2Fc2]/3).  cGOF = 
[w(Fo2 − Fc2)2/(Nobs − Nparams)]1/2.   
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Table S3. Optimized Structure for the Cationic Part of 2a 
 
         E(0 K) = −2323.268746 
hartree 
         ZPE = 0.675277 hartree 
         E = 0 kcal/mol 
         G = 0 kcal/mol (295.15 K) 
         G = 0 kcal/mol (343.15 K) 
         G = 0 kcal/mol (403.15 K) 
 
 
  M06/SDD Experimental 
Bond distances (Å) Ru(1)–P(2) 2.320 2.2856(15) 
 Ru(1)–P(3) 2.327 2.3034(15) 
 Ru(1)–C(4) 2.115 2.116(5) 
 C(4)–C(5) 1.358 1.341(7) 
 C(4)–C(6) 1.504 1.527(7) 
 C(5)–C(7) 1.512 1.517(8) 
 C(5)–C(9) 1.529 1.523(8) 
 C(10)–C(11) 1.348 1.341(9) 
Bond angles (deg) P(2)–Ru(1)–P(3) 84.2 83.84(5) 
 Ru(1)–C(4)–C(5) 116.7 117.1(4) 
 Ru(1)–C(4)–C(6) 124.0 123.5(4) 
 C(5)–C(4)–C(6) 119.3 119.3(5) 
 C(4)–C(5)–C(7) 126.2 125.8(5) 
 C(4)–C(5)–C(9) 120.4 120.7(5) 
 C(7)–C(5)–C(9) 113.4 113.5(5) 
 
1 
2 
34 
5 
6 
7 
8 
9 
10 11 
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Table S4. Optimized Structure for the Cationic Part of 2a′ 
 
        E(0 K) = –2323.260575 hartree 
        ZPE = 0.675473 hartree 
        E = 5.12 kcal/mol 
        G = 5.57 kcal/mol (295.15 K) 
        G = 5.65 kcal/mol (343.15 K) 
        G = 5.74 kcal/mol (403.15 K) 
 
 
  M06/SDD 
Bond distances (Å) Ru(1)–P(2) 2.319 
 Ru(1)–P(3) 2.325 
 Ru(1)–C(4) 2.126 
 C(4)–C(5) 1.359 
 C(4)–C(6) 1.520 
 C(5)–C(7) 1.507 
 C(5)–C(8) 1.531 
 C(9)–C(10) 1.348 
Bond angles (deg) P(2)–Ru(1)–P(3) 84.4 
 Ru(1)–C(4)–C(5) 115.9 
 Ru(1)–C(4)–C(6) 124.6 
 C(5)–C(4)–C(6) 119.1 
 C(4)–C(5)–C(7) 126.1 
 C(4)–C(5)–C(8) 120.2 
 C(7)–C(5)–C(8) 113.6 
 
1 
2 
3 4 
5 
6 
7 
8 
9 
10 
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Table S5. Optimized Structure for the Cationic Part of 3a 
 
 
        E(0 K) = –2323.271382 hartree 
        PE = 0.673260 hartree 
        E = −1.65 kcal/mol 
        G = −2.94 kcal/mol (295.15 K) 
        G = −3.25 kcal/mol (343.15 K) 
        G = −3.68 kcal/mol (403.15 K) 
 
  M06/SDD Experimental 
Bond distances (Å) Ru(1)–P(2) 2.333 2.3046(11) 
 Ru(1)–P(3) 2.350 2.3131(9) 
 Ru(1)–C(4) 1.844 1.837(4) 
 C(4)–C(5) 1.316 1.315(5) 
 C(5)–C(6) 1.505 1.520(6) 
 C(5)–C(7) 1.520 1.514(5) 
Bond angles (deg) P(2)–Ru(1)–P(3) 82.2 83.70(4) 
 Ru(1)–C(4)–C(5) 172.2 174.0(3) 
 C(4)–C(5)–C(6) 123.5 125.3(4) 
 C(4)–C(5)–C(7) 119.3 118.7(3) 
 C(6)–C(5)–C(7) 117,2 115.9(3) 
 
1 
2 
3 
4 
5 6 7 
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Table S6. Optimized Structure for the Cationic Part of 5a 
 
        E(0 K) = –2323.257954 hartree 
        ZPE = 0.672400 hartree 
        E = 6.77 kcal/mol 
        G = 6.10 kcal/mol (295.15 K) 
        G = 5.85 kcal/mol (343.15 K) 
        G = 5.49 kcal/mol (403.15 K) 
 
  M06/SDD 
Bond distances (Å) Ru(1)–P(2) 2.353 
 Ru(1)–P(3) 2.362 
 Ru(1)–C(4) 2.175 
 Ru(1)–C(5) 2.218 
 C(4)–C(5) 1.262 
 C(4)–C(7) 1.477 
 C(5)–C(6) 1.478 
Bond angles (deg) P(2)–Ru(1)–P(3) 81.5 
 Ru(1)–C(4)–C(5) 75.2 
 Ru(1)–C(5)–C(4) 71.5 
 Ru(1)–C(4)–C(7) 134.2 
 Ru(1)–C(5)–C(6) 142.4 
 C(4)–C(5)–C(6) 146.1 
 C(4)–Ru(1)–C(5) 33.6 
 C(5)–C(4)–C(7) 150.4 
 
1 
2 
3 
4 5 
6 
7 
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Chapter 4 
Remote Rearrangement of the Metal Center in 
Cp*Rh(III) and Cp*Ir(III) Complexes 
 
The reaction of [Cp*MCl(Ph)(PR3)] (M = Rh or Ir; R = Ph or Me) with internal alkynes in the 
presence of NaBArF4 affords the o-vinylaryl complex with a M–(vinyl CH) agostic interaction by 
way of the alkyne insertion followed by 1,4-metal migration, providing the first example of the 
1,4-migration of a Rh(III) and Ir(III) centers.  In addition, the (2-ethenyl-4-
methylphenyl)arylrhodium complex [Cp*Rh{C6H3-2-(C(Ph)=CHPh)-4-Me}(PMe3)][BArF4], 
which is formed from the vinyl-to-aryl 1,4-Rh migration of the 2-(m-tolyl)ethenyl complex 
[Cp*Rh{C(Ph)=C(C6H4Me-m)Ph}(PMe3)][BArF4], is isomerized under mild conditions to the 
regioisomeric 2-ethenylphenyl complex [Cp*Rh{C6H4-2-(C(C6H4Me-
m)=CHPh)}(PMe3)][BArF4] by way of the back reaction to regenerate the 2-(m-tolyl)ethenyl 
complex intermediate followed by the rotation of the C=C bond and the second 1,4-Rh migration, 
providing an experimental evidence for the reversibility of the vinyl-to-aryl 1,4-metal migration.  
On the other hand, the reaction of [Cp*IrCl(Ph)(PMe3)] with PhC≡CMe affords the π-allyl 
complex [Cp*Ir{η3-CH(Ph)C(Ph)CH2}(PMe3)][BArF4] in high yield.  This process is the formal 
1,3-Ir migration product formed from the vinyliridium complex [Cp*Ir{C(Ph)=C(Me)Ph}- 
(PMe3)][BArF4].  Deuterium labeling experiments have revealed that this π-allyl complex is 
produced by two distinct mechanisms, (i) C=C bond rotation in the vinyliridium complex 
followed by direct 1,3-Ir migration and (ii) successive vinyl-to-aryl and aryl-to-allyl 1,4-Ir 
migrations by way of the o-vinylaryl complex [Cp*Ir{o-C6H4C(Me)=CHPh}(PMe3)][BArF4].  
104 
 
This reaction provides the first experimental evidence of the direct 1,3-metal migration 
accompanied by the C–H bond activation.   
4-1, Introduction 
 Transition metal mediated C–H activation is a useful tool for the synthesis of 
functionalized molecules from relatively simple starting materials.1  As a specific class of such 
reactions, the one step 1,4-metal migration, where a carbon-bound metal exchanges positions 
with a carbon-bound hydrogen four carbons away, has been attracting considerable attention 
during the last decade (Figure 1).2  This remote metal rearrangement has been found mainly in 
reactions catalyzed by Pd(II)3 or Rh(I)4 complexes, and the latter is considered to proceed by the 
successive C–H oxidative addition–reductive elimination mechanism,4i,5,6 but experimental 
evidences for the detailed mechanism still remain to be obtained.7   
 
 
Figure 1. C–H activation by the intramolecular 1,4-metal migration.   
 
 In contrast, much less is known for the 1,4-metal migration at metal complexes with 
higher oxidation states.  For example, remote metal rearrangement has not been reported with 
Rh(III) complexes, although increasing interests have been focused on Cp*Rh(III)–mediated C–
H activation reactions.8  In addition, reversibility of 1,4-migration also still unclear.  For the aryl-
to-aryl 1,4-migtration, there have been obtained experimental evidences that equilibrium 
between two arylmetal species is attained under certain conditions (Scheme 1).9   
 
 
105 
 
Scheme 1. Experimental evidence for the reversibility of aryl-to-aryl 1,4-Pd(II) migration. 
 In contrast, the reversibility of the vinyl-to-aryl 1,4-migration has not been well-
understood, although this process is commonly seen in the 1,4-metal migrations.  This is partly 
because most of the vinyl-to-aryl 1,4-metal migration reactions give rise to exclusive formation 
of the aryl complex, but not an equilibrium mixture of vinyl and aryl species (Scheme 2).10   
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Scheme 2. Deuterium labeling experiment of vinyl-to-aryl 1,4-Rh(I) migration.   
 
 In addition to the 1,4-migrations, some examples of 1,5-Rh(I)11 and Pd(II)12 migrations 
have been reported, while much less is known for the 1,3-metal migration.  In fact, DFT 
calculations revealed that the 1,3-Pd(II) migration from aryl to benzyl or aryl is a significantly 
unfavorable process due to the high energy barriers (Figure 2, 3).6  Very recently, Zhao reported 
an unusual formal aryl-to-aryl 1,3-Rh(I) migration of a 2,6-dimethoxyphenyl complex, which 
occurred through consecutive two 1,4-migrations (Scheme 3).13  However, direct 1,3-metal 
migration has never been reported.14     
 
Figure 2. Energy barrier in aryl-to-aryl 1,3-Pd(II) migration.   
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Figure 3. Energy barrier in aryl-to-benzyl 1,3-Pd(II) migration.   
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Scheme 3. Aryl-to-aryl formal 1,3-migration.   
 
 In the course of the author’s investigation into the activation of internal alkynes, he has 
disclosed that the group 8–d6 complexes such as [Ru(P3O9)(dppe)]− and [CpM(dppe)]+ (M = Fe, 
Ru) can affect the internal alkyne–disubstituted vinylidene rearrangement.15  In certain cases, the 
vinylidene rearrangement competes with insertion of the alkyne to a metal-ligand bond.15d,f  
These results turns author’s attention to the insertion reaction of internal alkynes at related d6 
complexes [Cp*M(Ar)(PR3)]+ (M = Rh, Ir).  In this chapter, the author describes that the vinyl-
to-aryl 1,4-migration of Rh(III) and Ir(III) centers in 2-arylethenyl complexes takes place under 
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mild conditions, and potential reversibility of this process was observed from the investigation 
into the substituent effect of the aryl group.  Furthermore, it was found that not only the 1,4- but 
also direct 1,3-metal migration takes place in the reactions of Ir(III) complex.   
 
4-2, Results and discussions 
4-2-1, Vinyl-to-aryl 1,4-Rh(III) migration.   
 The author started his research with the reaction of [Cp*RhCl(Ph)(PPh3)] (1) and 
PhC≡CMe (5 equiv) in the presence of NaBArF4 (1.2 equiv) in 1,2-dichloroethane (C2H4Cl2) at 
25 ˚C.  This reaction was completed in a few minutes, and the o-vinylaryl complex [Cp*Rh{o-
C6H4C(Me)=CHPh}(PPh3)][BArF4] (2a) with a Rh–(vinyl CH) agostic interaction was formed in 
75% isolated yield as the sole product (Scheme 4).  Complex 2a shows a doublet resonance at δ 
35.5 (d, JRhP = 161 Hz) in the 31P{1H} NMR and a triplet resonance diagnostic of the vinyl 
proton with remarkable high-field shift at δ 1.06 (t, JRhH = 2JPH = 10 Hz) in the 1H NMR, being in 
full agreement with the Rh–(vinyl CH) agostic interaction.  The vinyl carbons of 2a appear at δ 
166.7 (s, ArC(Me)=CHPh) and 97.5 (dd, JRhC = 6, 2JPC = 3 Hz, ArC(Me)=CHPh).   
 
Scheme 4. Reaction of 1 or 4 with internal alkynes and NaBArF4.   
 
 The molecular structure of 2a has been determined unambiguously by a single-crystal X-
ray diffraction study (Figure 4, left).  The distance between the agostic carbon (C1) and rhodium 
atoms (2.467(5) Å) is obviously longer than a regular Rh–C σ-bond but comparable to common 
agostic Rh–CH distances.16  The sums of the bond angles around the C1 and C2 atoms are nearly 
360˚, respectively, confirming the sp2 character of these atoms.  The structure of 2a clearly 
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indicates that this reaction occurred through the initial alkyne insertion into the Rh–Ph bond with 
syn stereochemistry to form the vinylrhodium intermediate [Cp*Rh{C(Ph)=C(Me)Ph}- 
(PPh3)][BArF4] (3a) followed by the 1,4-migration of the Rh(III) centre to the ortho position of 
the Ph group.   
 
Figure 4. ORTEP drawings of 2a (left), 2b (centre) and 5b (right).  Anionic part and hydrogen 
atoms except for H1s are omitted for clarity.  Selected interatomic distances (Å) and angles 
(deg): 2a, Rh1–C1, 2.467(5); Rh1–C9, 2.032(4); Rh1–H1, 1.694; C1–C2, 1.360(7); C1–C2–C3, 
123.0(4); C1–C2–C4, 118.1(4); C3–C2–C4, 118.8(4); C2–C1–C10, 129.2(4).  2b, Rh1–C1, 
2.446(8); Rh1–C4, 2.091(8); Rh1–H1, 1.743; C1–C2, 1.379(12); C1–C2–C3, 119.1(8); C1–C2–
C11, 121.1(9); C3–C2–C11, 119.7(9); C2–C1–C9, 127.0(8).  5b, Rh1–C1, 2.304(9); Rh1–C2, 
2.416(8); Rh1–C4, 2.069(7); C1–C2–C3, 119.4(7); C1–C2–C11, 122.7(8); C3–C2–C11, 
117.8(7); C2–C1–C9, 129.7(8).   
 
 From the reaction of 1 with EtC≡CEt or PhC≡CPh, [Cp*Rh{o-
C6H4C(R2)=CHR1}(PPh3)][BArF4] (2b, R1 = R2 = Et; 2c, R1 = R2 = Ph) was also obtained in 77% 
and 76% yield, respectively, although formation of 2c proceeded at a lower rate (vide infra).  In 
addition, [Cp*RhCl(Ph)(PMe3)] (4), trimethyphosphine analog complex of 1, was also applicable 
to this reaction, and the corresponding o-vinylaryl complexes [Cp*Rh{o-
C6H4C(R2)=CHR1}(PMe3)][BArF4] (5a, R1 = Ph, R2 = Me; 5b, R1 = R2 = Et; 5c, R1 = R2 = Ph) 
were obtained in excellent yield within 10 min at room temperature (Scheme 4).  These 
complexes were fully characterized by spectroscopic as well as crystallographic measurements.  
In the 1H NMR of these complexes, the vinyl CH signal appeared at the high-field region (2b, δ 
−0.34; 2c, δ 0.72; 5a, δ 0.87; 5c, δ 0.38), whereas 5b exhibited its vinyl signal at relatively low-
field region (δ 1.94).  This result suggests that 5b has the structure with an η2-bound alkene 
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moiety rather than an agostic vinyl CH, which was supported by an X-ray diffraction study 
(Figure 4, center and right).  It should also be mentioned that the reaction rate is substantially 
enhanced by switching the phosphine ligand in PPh3 to PMe3; the reaction of 4 with PhC≡CPh in 
the presence of NaBArF4 at 25 ˚C completed within a few minutes to afford 5c, although that of 
2c required 5 h to go to completion.   
 
4-2-2, Observation of the vinylrhodium intermediate. 
 As shown in Scheme 1, the formation of complexes 2a, 2b and 5a-c were rather fast at 
room temperature, and for these cases no intermediate was observed.  In contrast, the formation 
of 2c needed 5 h for completion, and the vinylrhodium complex 3, which is considered to be the 
intermediate of the reaction, was observed during the formation of 2c by monitoring the 31P{1H} 
NMR (Scheme 5).  Thus, 1 was consumed completely after 2 h, and two distinct doublet signals 
were observed at δ 36.4 (d, JRhP = 161 Hz) and 33.2 (d, JRhP = 168 Hz) in the intensity ratio of 
1:0.67 (Figure 5).  The major doublet is due to 2c, and the minor one is assigned to the vinyl 
complex [Cp*Rh{C(Ph)=CPh2}(PPh3)][BArF4] (3c).  Although complex 3c could not to be 
isolated in a pure form, the fact that the ortho protons of the phenyl substituent located cis to the 
rhodium atom exhibit remarkable high-field shift [δ 5.31 (br, 2H)] in the 1H NMR suggests the 
presence of an agostic interaction with the rhodium atom.   
 
Scheme 5. Isomerization of 3c to 2c in C2H4Cl2 at 25 ˚C. 
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Figure 5. 31P{1H} NMR spectra of a reaction mixture of 1, PhC≡CPh and NaBArF4 in C2H4Cl2 
at 25 ˚C. 
 
 Another type of intermediate was observed in the reaction of methylrhodium complex 
[Cp*RhCl(Me)(PPh3)] (6) with PhC≡CPh.  Treatment of 6 with PhC≡CPh in the presence of 
NaBArF4 at 25 ˚C in a few min and recrystallization at −20 ˚C gave rise to the η3-benzyl type 
complex 7 as an alkyne insertion product in 92% yield (Scheme 6).  Complex 7 exhibited the Me 
signal as the singlet at δ 2.46 and a slightly high-fieled ortho-CH signal of the Ph group at δ 6.11 
(d, 3JHH = 6 Hz, 2H), and its structure has been determined by a preliminary single crystal X-ray 
diffraction study to confirm the η3-benzyl type structure the stereochemistry around the olefinic 
moiety (Figure 6).  Related Rh(III) η3-benzyl complexes have been described in the literature,17 
but examples of η3-phenylvinyl complexes of Rh(III) are still limited in number.    
 
 
Scheme 6. Reaction of 6 with PhC≡CPh and NaBArF4. 
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Figure 6. ORTEP drawings of 7 (50% probability).  Anionic part and hydrogen atoms are 
omitted for clarity. 
 
 A further isomerization of 7 was observed with longer reaction time.  Thus, when 
C2H4Cl2 solution of 7 generated in situ was kept at 25 ˚C, 7 slowly isomerized to 2a (over 21 h) 
without forming any other observable intermediate, and 2a was isolated in 71% yield after 
recrystallization (Scheme 7).  It is reasonable to consider this product is formed by the rotation 
of the C=C bond in 7 to generate 3a followed by the 1,4-migration of the rhodium center,18 and 
the C=C bond rotation seems to be the slow step.  It should be also mentioned that the η3-allyl 
complex 8, the 1,3-metal migration (1-propenyl to allyl isomerization) product of 7, was not 
obtained.  This fact is in accordance with the DFT calculation results that the 1,3-metal 
migration is an unfavourable process.19,20  
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Scheme 7. Isomerization of 7 to 2a.   
 
4-2-3, Deuterium labeling experiments. 
 The deuterium labeling experiments using [Cp*RhCl(C6D5)(PPh3)] (1-d5) afforded the 
useful information for the mechanism of the present reaction.  Thus, the signals of diagnostic of 
the agostic vinyl CH in the products 2a-d5–2c-d5 were completely disappeared in the 1H NMR, 
indicating the Rh centre of 3 exchanged its position only with ortho D atom of the C6D5-moiety.  
In addition, when the isomerization of 3c to 2c and 3c-d5 to 2c-d5 at 25 ˚C was followed by 
means of 31P{1H} NMR, a primary kinetic isotope effect of (kH/kD) 3.3 was observed (Figure 7, 
8).21  These results confirm that the complex 2 is formed through the initial insertion of the 
alkyne into the Rh–Ph bond of 1 to generate the alkenylrhodium intermediate 3 followed by the 
rate-determining 1,4-rhodium migration from the vinyl position to the ortho position of the Ph 
group.   
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Figure 7.  Plot of ln [3c]/[3c0] versus time for the coversion of 3c to 2c at 25 ˚C. 
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Figure 8.  Plot of ln [3c-d5]/[3c-d5 0] versus time for the coversion of 3c-d5 to 2c-d5 at 25 ˚C. 
 
4-2-4, Mechanistic studies for the 1,4-Rh(III) migration.   
 The 1,4-metal migration is a useful CH activation method and a number of catalytic 
reactions involving this process are known.2  However, to the best of our knowledge, there has 
been reported no clear evidence for the 1,4-migration of a Rh(III) center.7  Thus, the present 
reaction provides the first example of 1,4-metal migration at a structurally well-defined Rh(III) 
complex.  Hayashi recently clarified by means of DFT calculations that the 1,4-migration of 
Rh(I) complex occurs through C–H oxidative addition of the o-phenyl hydrogen to form a 
Rh(III)-hydride intermediate followed by reductive elimination.4i  However, in the present case, 
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C–H oxidative addition of the o-phenyl hydrogen toward the Rh(III) center to form a Rh(V)-
hydride intermediate (Scheme 8, path A) is deduced to be unfavorable on the basis of the 
theoretical study concerning a related reaction system.22  Therefore, the σ-complex–assisted 
metathesis (σ-CAM) mechanism (path B) would be more plausible for the present 1,4-rhodium 
shift.23,24   
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Scheme 8. Plausible mechanisms. 
 
4-2-5, Substituent effect for the vinyl-to-aryl 1,4-Rh(III) migration 
 To uncover the further nature of this migration, the author next investigated into the 
substituent effect of the aryl group by using m-substituted phenyl complex [Cp*Rh(C6H4Me-
m)(PMe3)]+.  The reaction of [Cp*RhCl(C6H4Me-m)(PMe3)] (9) with PhC≡CMe (5 equiv) and 
NaBArF4 at 25 ˚C for few min in C2H4Cl2 afforded the (2-ethenylphenyl)rhodium complex 
[Cp*Rh{C6H3-2-(C(Me)=CHPh)-4-Me}(PMe3)][BArF4] (10a) with a Rh–(vinyl CH) agostic 
interaction in 96% yield as the sole product (Scheme 9).  Complex 10a was characterized by 
means of spectroscopic measurement and a preliminary X-ray diffraction study (Figure 9).  The 
structure of 10a clearly demonstrates that rhodium atom of the vinylrhodium intermediate 
selectively migrated to the 6-position of the m-C6H4Me substituent; the CH3 group act as an 
efficient steric hinderance to prevent the migration to the 2-position.4c,g  Similarly, the reaction 
of 1 with EtC≡CEt gave [Cp*Rh{C6H3-2-(C(Et)=CHEt)-4-Me}(PMe3)][BArF4] (10b), which has 
the structure with an η2-bound alkene moiety as similar to that of 5b, in 85% yield.   
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Scheme 9. Reaction of 9 with internal alkynes and NaBArF4.   
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Figure 9.  ORTEP drawing of 10a (50% probability).  Anionic part and hydrogen atoms except 
for H1 are omitted for clarity. Selected interatomic distances (Å) and angles (deg): Rh1–P1, 
2.2989(18); Rh1–C1, 2.488(9); Rh1–C4, 2.041(7); Rh1–H1, 1.709; C1–C2, 1.366(10); C1–C2–
C3, 118.7(8); C1–C2–C11, 121.5(6); C3–C2–C11, 119.8(6); C2–C1–C5, 128.8(8).   
 
 Interestingly, the reaction of 9 with PhC≡CPh showed a different behavior.  When 9 was 
allowed to react with PhC≡CPh (5 equiv) in the presence of NaBArF4 at 25 ˚C for 1 h in C2H4Cl2, 
the 31P{1H} NMR spectrum of the resultant dark red reaction mixture exhibited two distinct 
doublet signals at δ −2.92 (d, 1JRhP = 156 Hz) and –5.11 (d, 1JRhP = 172 Hz) in the intensity ratio 
of 1:0.2 with the disappearance of the signal ascribed to 9 (Scheme 10, Figure 10).  This reaction 
reached equilibrium at this stage, and no further change was observed with longer reaction time 
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in 31P{1H} NMR.  The major doublet is assigned to the (2-ethenyl-4-methylphenyl)rhodium 
complex [Cp*Rh{C6H3-2-(C(Ph)=CHPh)-4-Me}(PMe3)][BArF4] (10c), whereas the minor one is 
attributable to the 2-(m-tolyl)ethenyl complex [Cp*Rh{C(Ph)=C(C6H4Me-m)Ph}(PMe3)][BArF4] 
(11).  They were characterized by NMR analysis of the mixture.  In the 1H NMR, the vinyl CH 
signal of 10c appeared at δ 0.30 as a triplet (1JRhH = 2JPH = 11 Hz, 1H), whereas the ortho proton 
of the m-C6H4Me substituent of 11 at δ 4.46 as a broad triplet (1JRhH = 3JHH = 5 Hz, 1H).16  
Fortunately, the molecular structure of 10c has been determined unambiguously by a single-
crystal X-ray diffraction study (Figure 11, left).   
 
 
Scheme 10. Reaction of 9 with PhC≡CPh and NaBArF4. 
 
11
10c
10c'
 
Figure 10.  31P{1H} NMR spectra of the reaction of 9 with PhC≡CPh and NaBArF4 at 25 ˚C and 
50 ˚C in C2H4Cl2. 
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Figure 11.  ORTEP drawing of 10c (left) and 10c′ (right).  Anionic part and hydrogen atoms 
except for H1 are omitted for clarity. Selected interatomic distances (Å): 10c, Rh1–C1, 2.529(4); 
Rh1–H1, 1.817; C1–C2, 1.358(7); 10c′, Rh1–C1, 2.494(6); Rh1–H1, 1.771; C1–C2, 1.363(8). 
 
 A further reaction of 10c and 11 was observed at higher temperatures (Scheme 10).  
When a C2H4Cl2 solution of 10c and 11 generated in situ was heated at 50 ˚C, 31P{1H} NMR 
showed production of a new species at δ −3.30 (d, 1JRhP = 154 Hz) which was attributed to 
[Cp*Rh{C6H4-2-(C(C6H4Me-m)=CHPh)}(PMe3)][BArF4] (10c′), the geometric isomer of 10c 
with respect to the alkene C=C bond.  After 20 h, the reaction reached equilibrium where 10c, 11, 
and 10c′ existed in the ratio of 1:0.2:2.4 (determined by 31P{1H} NMR, see Figure 10), and the 
1H NMR of this mixture showed a new signal of the agostic vinyl CH proton of 10c′ as a triplet 
at δ 0.36 (t, 1JRhH = 2JPH = 11 Hz).  The structure of 10c′ was determined by an X-ray diffraction 
study (Figure 11, right) to confirm that the rhodium center migrated to the Ph group from the 
C6H4Me-m substituent.  The m-C6H4Me substituent of 10c′ is rotating at room temperature.  As 
shown in Figure 12, at −60 ˚C, the 31P{1H} NMR signal of 10c′ was split into two signals at δ 
−1.78 and −1.92 (in 1:1 ratio), which indicates the existence of rotamers; one is considered to 
have the Me substituent on the side cis to the Cp* ligand (Figure 11, right), and the other has that 
on the opposite side.  The latter structure was also confirmed by preliminary X-ray analysis of 
the crystals, deposited by the recrystallization of the mixture of 10c, 11, and 10c′ from CH2Cl2–
hexane (Figure 13).  The signals of the Me substituent and the agostic vinyl CH proton in the 1H 
NMR were also split into two signals, respectively (Figure 14).       
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Figure 12. Variable-temperature 31P{1H} NMR of CDCl3 solution of 10c and 10c′.   
 
 
Figure 13.  ORTEP drawing of the other rotamer of 10c′ (30% probability).  Anionic part and 
hydrogen atoms except for H1 are omitted for clarity. 
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Figure 14. Variable-temperature 1H NMR of CDCl3 solution of 10c and 10c′. 
 
 These results manifest that the present 1,4-Rh(III) migration is a reversible process.  
Complex 10c is formed as the kinetic product at 25 ˚C through the insertion of PhC≡CPh into the 
Rh–(C6H4Me-m) bond to give 11 followed by the 1,4-Rh migration from the vinyl to the ortho 
position of the m-tolyl group.  At 50 ˚C, on the other hand, 10c is isomerized to the more 
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thermodynamically favored regioisomeric complex 10c′ by way of the back reaction to 
regenerate 11 followed by the rotation of the C=C bond18 and the second 1,4-Rh migration to the 
ortho position of the Ph group (Scheme 11).  With respect to the reversibility of aryl-to-aryl 1,4-
metal migration, Gallagher and Larock reported that a Pd(II) center migrates reversibly between 
two ortho positions of an unsymmetrical biphenyl to attain equilibrium.9  In the case of vinyl-to-
aryl 1,4-metal migration, however, the reaction usually goes to completion to give the arylmetal 
product, and the reversibility of this process has not been clarified.3b  The findings shown above 
provide an experimental evidence for this problem.   
 
 
Scheme 11. Reversibility of the 1,4-Rh(III) Migration. 
 
 To confirm the above mechanism, additional experiments were performed with more 
sterically-demanding 3,5-xylylrhodium complex [Cp*RhCl(C6H3-3,5-Me2)(PMe3)] (12).  The 
reaction of 12 with NaBArF4 and PhC≡CPh at 25 ˚C for 3 h in C2H4Cl2 afforded the 2-(3,5-
xylyl)ethenyl complex [Cp*Rh{C(Ph)=C(Ph)C6H3-3,5-Me2}(PMe3)][BArF4] (13) with a Rh–
(ortho-CH of 3,5-xylyl) agostic interaction in 76% yield as the sole product, and the 
corresponding 1,4-migration product [Cp*Rh{C6H3-2-(C(Ph)=CHPh)-4,6-Me2}(PMe3)][BArF4] 
(14) has not been observed (Scheme 12).  In the 1H NMR of 13, ortho protons of the 3,5-xylyl 
substituent exhibit remarkable high-field shift (δ 5.77 (br, 2H)),16 indicating the 3,5-xylyl 
substituent is located cis to the rhodium atom and has an agostic interaction with the metal center.  
On keeping at 50 ˚C in C2H4Cl2, 13 was slowly isomerized to the 2-ethenylphenyl complex 
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[Cp*Rh{C6H4-2-(C(C6H3-3,5-Me2)=CHPh)}(PMe3)][BArF4] (14′) without forming any other 
observable intermediate (Scheme 12).  After 90 h, complex 14′ was isolated in 83% yield and 
characterized by its 1H NMR exhibiting the vinyl CH signal as a triplet with high-field shift at δ 
0.36 (t, 1JRhP = 2JPH = 11 Hz) and the equivalence of the two 3,5-xylyl Me groups (δ 2.28, s, 6H).  
In this case, 1,4-migration of the metal center to the 3,5-xylyl group is sterically unfavored, and 
therefore takes place only after the rotation of the C=C bond.25   
 
 
Scheme 12. Reaction of 12 with PhC≡CPh and NaBArF4 at 25 ˚C. 
 
4-2-6, 1,4-Migration of the Cp*Ir(III) Center. 
 In this chapter, the author has described for the novel 1,4-migration of Rh(III) center.  
Mechanistically present 1,4-Rh(III) migration is reasonably explained by the σ-complex-assisted 
metathesis (σ-CAM)23 rather than the successive oxidative addition/reductive elimination, 
because the Rh(V) hydride intermediate formed by the C–H oxidative addition is considered to 
be energetically unfavorable (Figure 15).22   
 
 
Figure 15. Calculated energies of the Cp*M(III) and Cp*M(V) (M = Rh, Ir). 
122 
 
 
 In contrast, in relation to this reaction, Bergman reported an intermolecular alkyl–aryl 
ligand exchange reaction at a Cp*Ir(III) complex (Scheme 13),26 and some DFT calculations 
suggested that this Ir(III)-mediated C–H bond activation, unlike that with a Cp*Rh(III) system, 
proceeds via the oxidative addition/reductive elimination mechanism (Figure 15); Ir(V) hydrido 
complex is generated as the intermediate.22,27  On the basis of the remarkable difference in the 
C–H bond activation abilities of Cp*Rh(III) and Cp*Ir(III), it is reasonable to expect that these 
metal centers behave differently in the 1,n-metal migration.  The author was motivated by this 
idea to investigate into the reactivity of a Cp*Ir(III) complex [Cp*Ir(Ph)(PMe3)]+ toward internal 
alkynes.     
 
 
Scheme 13. Alkyl–aryl ligand exchange reaction at a Cp*Ir(III) complex.   
 
 When [Cp*IrCl(Ph)(PMe3)] (15) was allowed to react with PhC≡CPh (5 equiv) in the 
presence of NaBArF4 (1.1 equiv) at 25 ˚C for a few min in 1,2-dichloroethane (C2H4Cl2), the 
color of the reaction mixture changed from yellow to dark red.  The 31P{1H} NMR spectra of the 
resulting mixture at room temperature revealed formation of a new complex which showed a 
singlet at δ −35.3.  Recrystallization of this dark red solution afforded the o-vinylaryliridium 
complex [Cp*Ir{o-C6H4C(Ph)=CHPh}(PMe3)][BArF4] (16a) with an Ir–(vinyl CH) agostic 
interaction in 81% yield as the sole product (Scheme 14).  In the 1H NMR of 16a at −40 ˚C, the 
vinyl CH signal appeared as a doublet with high-field shift at δ −0.30 indicating the existence of 
the Ir–(vinyl CH) agostic interaction, and this signal was broadened at 25 ˚C (see Experimental 
section).  Tentatively this NMR behavior is regarded to be the result of interconversion between 
structures with an Ir–(vinyl CH) agostic interaction and Ir–(η2-alkene) coordination (vide infra).   
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Scheme 14. Reaction of 1 with internal alkynes and NaBArF4. 
 
 The molecular structure of 16a has been determined unambiguously by a single-crystal 
X-ray diffraction study (Figure 16, left).  The structure of 16a clearly demonstrates that the 
PhC≡CPh underwent the insertion into the Ir–Ph bond with syn stereochemistry to form the 
vinyliridium intermediate [Cp*Ir{C(Ph)=CPh2}(PMe3)][BArF4] (17a) followed by the 1,4-
iridium migration to the ortho position of the Ph group.  The distance between the agostic carbon 
(C1) and iridium atoms (2.448(6) Å),28 together with the geometry around the C1 and C2 atoms, 
confirms that the vinyl CH group has an agostic interaction with the metal center in the solid 
state as well.   
 Similarly, [Cp*Ir{o-C6H4C(Me)=CHMe}(PMe3)][BArF4] (16b) was obtained from the 
reaction of 15 with MeC≡CMe in the presence of NaBArF4, but the vinyl CH signal of 16b in the 
1H NMR (−40 ˚C) appeared in a significantly lower-field region (δ 3.42) than that of 16a.29  This 
fact suggests that 16b has the structure with a η2-bound alkene moiety rather than a σ-agostic 
vinyl CH in solution, and in fact an X-ray diffraction study of 16b unambiguously confirmed 
that its solid state structure contains a η2-alkene ligand (Figure 16, right).30  Therefore, for both 
16a and 16b, the solid state structures are maintained (in the 1H NMR time scale) at −40 ˚C in 
solution, but at room temperature these two structures are presumed to be interconverted.   
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Figure 16. ORTEP drawing of 16a (left) and 16b (right).  Anionic part and hydrogen atoms 
except for H1 of 16a and 16b are omitted for clarity.  Selected interatomic distances (Å) and 
angles (deg): 16a, Ir1–P1, 2.2957(19); Ir1–C1, 2.448(6); Ir1–C4, 2.061(6); Ir1–H1, 1.686; C1–
C2, 1.373(9); C1–C2–C3, 119.2(6); C1–C2–C9, 122.5(6); C3–C2–C9, 118.4(5); C2–C1–C15, 
129.9(6). 16b, Ir1–P1, 2.291(3); Ir1–C1, 2.271(10); Ir1–C2, 2.320(10); Ir1–C4, 2.053(8); C1–C2, 
1.420(13); C2–C3, 1.499(14); C2–C1–C9, 123.3(9); C1–C2–C3, 121.4(8); C1–C2–C10, 
122.6(10); C3–C2–C10, 115.3(9). 
 
 Further fluxional behavior was observed at [Cp*Ir(C6H4Me-m)(PMe3)]+ system.  When 
[Cp*IrCl(C6H4Me-m)(PMe3)] (18) was allowed to react with PhC≡CPh and NaBArF4 at 25 ˚C 
for a few min, the 31P{1H} NMR of the reaction mixture showed a broad singlet at δ −35.3.  
Recrystallization of this solution afforded dark red crystals, which was confirmed to be the (2-
ethenylphenyl)iridium complex [Cp*Ir{C6H4-2-(C(C6H4Me-m)=CHPh)}(PMe3)][BArF4] (19) by 
an X-ray diffraction study (Figure 17).   
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Figure 17. ORTEP drawing of 19 (50% probability).  Anionic part and hydrogen atoms except 
for H1 are omitted for clarity. Selected bond lengths (Å) and angles (deg): Ir1–P1, 2.291(3); Ir1–
C1, 2.459(7); Ir1–C4, 2.064(7); Ir1–H1, 1.692; C1–C2, 1.363(10); C1–C2–C3, 120.4(7); C1–
C2–C9, 120.8(6); C3–C2–C9, 118.8(6); C2–C1–C16, 130.4(7). 
 
 The VT-NMR analysis of the CDCl3 solution of 19 uncovered its dynamic behavior; the 
31P{1H} NMR spectrum measured at −60 ˚C exhibited four distinct sharp singlets at δ −34.7, 
−34.6, −34.4, −32.8 in the intensity ratio of 1.35:1:1:0.24, and these signals were broadened with 
increasing temperature and finally averaged at 25 ˚C (Figure 18).  In the 1H NMR spectra at −60 
˚C, three signals diagnostic of the Ir-(vinyl CH) agostic interaction were observed at δ −0.25 (d, 
2JPH = 13 Hz), −0.37 (d, 2JPH = 13 Hz), and −0.42 (d, 2JPH = 12 Hz), and a high-field shifted o-
aryl signal was also observed at δ 3.33 (br d, 3JHH = 5 Hz) (Figure 19).31  Tentatively the author 
assigns these signals to those of 19, 19′ (the rotamer of 19), 19″ (the regioisomer of 19), and the 
2-(m-tolyl)ethenyl complex [Cp*Ir{C(Ph)=C(C6H4Me-m)Ph}(PMe3)][BArF4] (20) by 
comparison of the NMR data with those of the corresponding rhodium analogs (see 5-2-5).  It 
would be interesting to mention that iridium complex 19 is rapidly interconverting between the 
vinylaryliridium complexes 19, 19′, 19″ and a vinyliridium complex 20 (Scheme 15) even at 
room temperature.32,33   
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Scheme 15. Interconversion of the solution state of complex 19.   
 
Figure 18. Variable-temperature 31P{1H} NMR spectra of the CDCl3 solution of 19.   
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Figure 19. 1H NMR of CDCl3 solution of 19 at −60 ˚C.   
 
4-2-7, 1,3-Migration of the Cp*Ir(III) Center. 
 In contrast to the above observations, treatment of 15 with PhC≡CMe in the presence of 
NaBArF4 at 25 ˚C gave significantly different results.  When the reaction mixture was kept at 25 
˚C for 1 h, 15 was consumed completely, and one broad and one sharp singlet signals were 
observed in the 31P{1H} NMR at δ −34.9 and −41.0, respectively, with the integral ratio of 
1:0.20 (Figure 20).  On keeping at 25 ˚C, the former signal gradually disappeared, and the 
reaction completed after 12 h (vide infra).  Recrystallization of the resultant solution afforded the 
π-allyl complex [Cp*Ir{η3-CH(Ph)C(Ph)CH2}(PMe3)][BArF4] (21) in 86% yield as the sole 
product (Scheme 16).  Complex 21 was fully characterized by means of spectroscopic as well as 
crystallographic measurements (Figure 21).  The bond lengths and angles of the π-allyl ligand of 
7 are comparable to those in known π-allyl complexes such as [Cp*Ir{η3-
CH2C(OH)CH2}(PMe3)][OTf]34a and [Cp*Ir{η3-CH2C(Me)CHC(=O)Me}(NCMe)][PF6].34b  The 
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structure of 21 clearly indicates that, following the alkyne insertion into the Ir–Ph bond to form 
the vinyliridium species 17c, the formal vinyl-to-allyl 1,3-Ir migration took place instead of the 
1,4-migration.  One possible intermediate is 17c′ which is formed by the C=C bond rotation of 
17c, but this species could not be observed by NMR.32  It is interesting to note that a similar 
reaction using analogous Rh complex [Cp*RhCl(Ph)(PMe3)] (4) and PhC≡CMe affords 
[Cp*Rh{o-C6H4C(Me)=CHPh}(PMe3)][BArF4] (5a) (see Scheme 4), which is formed from the 
alkyne insertion and the subsequent 1,4-Rh migration, as the sole product, and formation of the 
corresponding 1,3-migration product (η3-allyl complex) is not observed at all.   
 
Ir
Me3P
Cl
NaBArF4
C2H4Cl2, 25 °C, 12 h
MePh Ir
Me3P
Ph Ph
(BArF4)
Ir
Me3P
Ph Me
H
(BArF4)
, 86% isolated yield
Ir
Me3P
Ph
CH2
Ph
(BArF4)
Hrotation of the 
C=C bond
1,3-Ir migration
 
Scheme 16. Reaction of 1 with PhC≡CMe and NaBArF4. 
 
Figure 20.  31P{1H} NMR spectra of the reaction of 15 with PhC≡CMe and NaBArF4 at 25 ˚C in 
C2H4Cl2.   
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Figure 21. ORTEP drawing of 21 (50% probability).  Anionic part and hydrogen atoms except 
for H1 are omitted for clarity. Selected bond lengths (Å) and angles (deg): Ir1–P1, 2.3142(11); 
Ir1–C1, 2.185(5); Ir1–C2, 2.171(5); Ir1–C3, 2.163(5); C1–C2, 1.419(6); C2–C3, 1.471(6); C1–
C2–C3, 116.0(4); C1–C2–C10, 122.4(4); C3–C2–C10, 121.2(4).   
 
 The formal 1,3-Ir migration of 17c may proceed via two distinct mechanisms.  The first is 
the rotation of the C=C bond in 17c to form 17c′ followed by the direct vinyl-to-allyl 1,3-Ir 
migration (Scheme 17, path A).  The second is the successive 1,4-migrations; the vinyl-to-aryl 
1,4-migration of 3c to form the o-vinylaryliridium complex 16c followed by the rotation of the 
Cvinyl–Caryl bond and the aryl-to-allyl 1,4-Ir migration (Scheme 17, path B).  To gain 
experimental information on the mechanism, deuterium labeling experiments using 
[Cp*IrCl(C6D5)(PMe3)] (15-d5), PhC≡CMe, and NaBArF4 were performed.  Path A should give 
rise to formation of 21-d5 in which no deuterium atom is incorporated in the allyl moiety, and a 
small kinetic isotope effect is expected.  On the other hand, path B would lead to 21-d1/d4 in 
which one deuterium atom is introduced to the C3 atom of the allyl ligand.  Although a notable 
kinetic isotope effect (kH/kD = 2.1–4.2)21 is expected for the first 1,4-migration (17c-d5 → 16c-
d5) in path B, 16c is observed as an intermediate (vide supra), and hence its formation is not the 
rate determining step.  The second 1,4-migration (16c-d5 → 21-d1/d4) is presumed to show a 
small effect.  In agreement with this discussion, a kinetic study exhibited a small value of kH/kD 
(1.1).  Interestingly, 1H NMR measurement of the product indicated that the allyl CH at the C3 
atom is 30% deuterated (Figure 22).  These results suggest that the formal 1,3-migration of 17c-
d5 involves 70% of path A and 30% of path B.   
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Scheme 17. Plausible mechanisms of formation of 21.   
 
PPM
8 6 4 2 0
8.
00
4.
35
3.
11
2.
07
0.
70
1.
00
1.
03
15
.0
0
9.
01
8.
09
6.
05
3.
08
3.
01
2.
06
1.
01
1.
02
1.
02
15
.0
0
9.
02
7.
72
1
7.
57
3
7.
55
9
7.
29
8
7.
23
0
7.
21
7
7.
20
2
7.
06
8
7.
02
4
5.
96
5
5.
31
0
4.
32
6
4.
31
8
2.
61
7
2.
60
9
2.
57
6
2.
56
8
1.
58
8
1.
58
5
1.
08
4
1.
06
5
7.
72
4
7.
58
3
7.
56
4
7.
47
1
7.
46
5
7.
29
8
7.
23
0
7.
21
7
7.
20
2
7.
06
9
7.
02
5
5.
96
6
5.
31
1
4.
32
7
4.
32
1
2.
61
8
2.
61
0
2.
57
6
2.
56
8
1.
58
8
1.
58
5
1.
08
4
1.
06
5
 
Figure 22. 1H NMR spectra (CD2Cl2, 500.16 MHz) of 21 (top) and 21-d5 and 21-d1/d4 (bottom). 
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 As mentioned in INTRODUCTION, much interest has recently been paid to the remote 
C–H activation by the 1,4-metal migration, from viewpoints of both synthetic and theoretical 
chemistry.  However, formal 1,3-metal migration through successive 1,4-migration reactions is 
still rare,7 and to the best of our knowledge, direct 1,3-metal migration is unprecedented.  
Therefore, the present reaction provides the first experimental evidence of the direct 1,3-metal 
migration.  Although the author must await theoretical study to elucidate the detailed difference 
between the Cp*Rh(III) and Cp*Ir(III) systems, the author considers that the higher reactivity of 
the Cp*Ir(III) center toward C–H bond activation enables the vinyl-to-allyl 1,3-metal migration.   
 
4-2-8. Characterization of the intermediary species in the formation of 21. 
 As described above, an intermediary species which showed a broad singlet at δ −34.9 in 
the 31P{1H} NMR (vide supra) was observed during the formation of 21.  This species was 
isolated as the dark red crystals by recrystallization of the reaction mixture at −20 ˚C at the early 
stage of the reaction (Scheme 18).  Unexpectedly, a single-crystal X-ray diffraction study 
revealed that this compound is the cyclometallated carbene complex 
[Cp*Ir{=C(Ph)CH(Me)C6H4}(PMe3)][BArF4] (22) (Figure 23).  The bond length of Ir1–C1 
(1.936(7) Å) is obviously shorter than a regular iridium-carbon σ-bond but falls in the range of 
Ir=C distances in known iridium(III) Schrock-type carbenes.35a,d  The sums of the bond angles 
around the C1 atom is nearly 360˚, confirming the sp2 character of this atom.   
 
Scheme 18. Formation of complex 22.   
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C15
 
Figure 23.  ORTEP drawing of 22 (30% probability).  Anionic part and hydrogen atoms except 
for H2 are omitted for clarity. Selected bond lengths (Å) and angles (deg): Ir1–P1, 2.297(3); Ir1–
C1, 1.936(7); Ir1–C4, 2.069(9); Ir1–C1–C2, 120.2(7); Ir1–C1–C15, 123.6(5); C2–C1–C15, 
115.5(7).   
 
 The dynamic behavior of 22 has been successfully elucidated by a VT-NMR analysis of 
the CD2Cl2 solution.  The broad singlet of 22 at 25 ˚C in the 31P{1H} NMR was split into two 
sharp singlets at δ −32.2 and −34.1 in the intensity ratio of 1:1 at −60 ˚C and at δ −31.6 and 
−33.9 in the ratio of 1.4:1 at −80 ˚C (Figure 24).  On the basis of the 13C{1H} and 1H NMR 
spectra described below, the former signal is assigned to the cyclometallated carbene complex 22, 
whereas the latter is attributable to the o-vinylaryliridium complex [Cp*Ir{o-
C6H4C(Me)=CHPh}(PMe3)][BArF4] (16c).  In the 13C{1H} NMR of this compound at −60 ˚C, 
the carbene carbon of 22 appears at δ 317.235 as a broad singlet, and the vinyl carbons of 16c 
resonate at δ 156.9 (s, ArC(Me)=CHPh) and 82.1 (d, 2JPC = 4.0 Hz, ArC(Me)=CHPh).  The 
agostic vinyl CH signal at δ 0.93 (d, 2JPH = 9 Hz) in the 1H NMR (−80 ˚C) is also diagnostic of 
16c, whereas the β-proton in 22 (Ir=CPh–CHMe–C6H4) appears as a quartet at δ 1.00 to explain 
the fate of the orthometallated CH.  In addition, the relative intensities of the Me, Cp* and PMe3 
signals of 16c in comparison with those of 22 in the 1H NMR decrease on lowering temperature 
from −60 ˚C to −80 ˚C, which is in agreement with the 31P{1H} NMR behavior (Figure 25).  
According to the above observations, complex 22 is considered to be highly fluxional in solution 
and rapidly interconverting between the o-vinylaryliridium complex (16c) and cyclometallated 
carbene structures at room temperature.   
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Figure 24. Variable-temperature 31P{1H} NMR spectra of the CD2Cl2 solution of 22.   
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Figure 25. Variable-temperature1H NMR spectra of the CD2Cl2 solution of 22.   
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4-2-9. Total Reaction Mechanism. 
 Considering that the Cp*Ir(III) center effectively undergoes oxidative addition of a C–H 
bond,22,26,27 the author proposes the total mechanism for the formation of 21 with assuming the 
existence of intermediate 23 as shown in Scheme 19.   
 
2316c
22
21
17c
17c' 16c'
 
Scheme 19.  Total mechanisms of the formation of 21. 
 
 At first, the vinyliridium complex 17c isomerizes into the vinylaryl complex 16c by the 
1,4-Ir migration.  Conversion of 16c to 22 may go via an oxidative addition of the agostic vinyl 
to generate 23 which could then undergo 1,3-migration of the hydrido ligand to the β-carbon of 
the vinyl group to give 22 (Scheme 19).  A similar process from 17c via 22 is also possible.  This 
type of 1,3-hydrido migration has not been well-documented in spite of its formal analogy to the 
well-known 1,3-hydrido migration from hydridoalkynyl complexes to form the vinylidene 
complexes (Scheme 20).36   
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Scheme 20. 1,3-Hydrido migration from hydridoalkynyl complexes to form the vinylidene 
complexes. 
 
 Jones has proposed that the E/Z isomerization of the hydridovinylrhodium complex 
[Cp*RhH{C(Ph)=CHPh}(PMe3)] occurs by way of the carbene complex 
[Cp*Rh{=C(Ph)CH2Ph}(PMe3)],37 but the carbene species could not be observed during the 
reaction (Scheme 21). 
 
 
Scheme 21. E/Z isomerization of the hydridovinylrhodium complex. 
 
 In addition, although formation of carbene complexes by protonation of the 
corresponding vinyl complexes has been observed in many systems,35b,38 it is not necessarily 
clear whether such transformation involves direct β-protonation or the initial protonation of the 
metal center followed by the 1,3-hydrido shift.  The facile conversion of 16c to 22 provides a 
rare evidence of the carbene formation through the 1,3-hydride migration of a hydride vinyl 
complex.  From a thermodynamic point of view, complex 22 is a dead-end, but in solution it is 
readily isomerized back to 16c and 17c, and as already discussed in Scheme 15, complex 21 is 
produced by the sequential C=C bond rotation–direct 1,3-Ir migration process from 17c or by the 
Cvinyl–Caryl rotation–1,4-Ir migration process from 16c, both of which were confirmed to be 
involved in the total conversion.   
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4-3, Conclusion 
 In this chapter, the author has revealed that the reaction of [Cp*M(Ar)(PR3)]+ (M = Rh, 
Ir; R = Ph, Me; Ar = Ph, C6H4Me-m) with internal alkynes resulted in the insertion of the alkyne 
into the Ph–Rh bond followed by the 1,4-metal migration, providing the first example of 1,4-
migration of a Rh(III) and Ir(III) center.  Reversibility of the present vinyl-to-aryl 1,4-metal 
migration was obtained by the reaction of [Cp*M(C6H4Me-m)(PR3)]+ with diphenylacetylene.  
The reaction of [Cp*Ir(Ph)(PMe3)]+ with PhC≡CMe resulted the formation of π-allyl complex 
[Cp*Ir{η3-CH(Ph)C(Ph)CH2}(PMe3)][BArF4] (21).  Experimental evidences for the involvement 
of unprecedented direct 1,3-migration in the latter transformation was obtained by deuterium 
labeling experiments.  In addition, detailed analysis of the reaction system revealed that a 
cyclometallated carbene complex 22, which is formed from 16c or 17c possibly through the C–H 
oxidative addition and the subsequent 1,3-hydrido migration, is involved as a fluxional species 
readily interconverting with 16c at room temperature.   
 
Experimental section 
General Considerations.  All manipulations were carried out under an argon atmosphere by 
using standard Schlenk techniques unless otherwise stated.  1,2-Dichloroethane (C2H4Cl2) was 
dried and distilled over P4O10, degassed and stored under an argon atomosphere.  The other 
solvents (anhydrous grade) were purchased from Sigma-Aldrich and purged with argon before 
use.  1-Phenyl-1-propyne, 3-hexyne, 2-butyne, diphenylacetylene, MeMgCl (3M in THF), and 
(m-C6H4Me)MgCl (1M in THF) were purchased from Sigma-Aldrich and used as received.  3,5-
Xylyl Grignard reagent, (3,5-C6H3)MgCl (ca. 1M in THF), was prepared from Mg and 1-Chloro-
3,5-dimethylbenzene.  [Cp*RhCl(Ph)(PPh3)] (1),39 [Cp*RhCl(Ph)(PMe3)] (4),39 
[Cp*RhCl2(PPh3)],39 [Cp*RhCl2(PMe3)],39 [Cp*IrCl2(PMe3)]40, [Cp*IrCl(C6H4Me-m)(PMe3)] 
(18)41, and NaBArF4·2H2O42 were synthesized according to the literature.  1H (500 MHz), 
13C{1H} (126 MHz), and 31P{1H} (202 MHz) NMR spectra were recorded on a JEOL ECA-500 
spectrometer.  Chemical shifts are reported in , referenced to residual 1H and 13C signals of 
deuterated solvents as internal standards or to the 31P signal of PPh3 (δ –5.65) as an external 
standard.  IR spectra were recorded on a JASCO FT/IR-4200 spectrometer by using KBr pellets.  
Elemental analyses were performed on a Perkin Elmer 2400 series II CHN analyzer.  Amounts of 
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the solvent molecules in the crystals were determined not only by elemental analyses but also by 
1H NMR spectroscopy. 
[Cp*Rh{o-C6H4C(Me)=CHPh}(PPh3)][BArF4] (2a).  A mixture of [Cp*RhCl(Ph)(PPh3)] (1; 
45.5 mg, 0.074 mmol), NaBArF4·2H2O (76.9 mg, 0.083 mmol) and 1-phenyl-1-propyne (50 μl, 
47.0 mg, 0.405 mmol, 5 equiv) in C2H4Cl2 (2 mL) was stirred at 25 ˚C for few minutes.  The 
resulting dark red suspension was filtered through a plug of Celite, and the plug was rinsed with 
C2H4Cl2.  The combined filtrate was concentrated in vacuo and layered with hexane to give 2a 
(86.6 mg, 0.056 mmol, 75% yield) as dark red crystals.  31P{1H} NMR (CDCl3): δ 35.5 (d, JRhP = 
161 Hz, PPh3).  1H NMR (CDCl3): δ 7.71–6.74 (m, 36H, Ar), 2.33 (s, 3H, CH3), 1.10 (d, 4JPH = 
2.3 Hz, 15H, Cp*), 1.06 (t, JRhH = 2JPH = 10.3 Hz, 1H, C=CHPh).  Selected 13C{1H} NMR data 
(CDCl3): δ 166.7 (s, o-C6H4C(Me)=C), 97.5 (dd, JRhC = 6.1 Hz, 2JPC = 3.0 Hz, C=CHPh), 21.0 (s, 
CH3), 9.06 (s, CH3 of Cp*).  Anal. Calcd for C75H55BF24PRh (2a): C, 57.86; H, 3.56. Found: C, 
57.58; H, 3.44. 
[Cp*Rh{o-C6H4C(Et)=CHEt}(PPh3)][BArF4] (2b).  This compound was synthesized from 1 
(26.3 mg, 0.043 mmol), NaBArF4·2H2O (42.3 mg, 0.046 mmol) and 3-hexyne (25 μl, 0.225 
mmol) by a procedure similar to that for the synthesis of 2a except that Et2O/hexane was used as 
the solvent for recystallization.  Dark red crystals (50.6 mg, 0.033 mmol, 77% yield).  31P{1H} 
NMR (CDCl3): δ 37.0 (d, JRhP = 159 Hz, PPh3).  1H NMR (CDCl3): δ 7.70–6.62 (m, 31H, Ar), 
2.66–2.61 (m, 2H, C=CHCH2CH3 and o-C6H4C(CH2CH3)=C), 2.52–2.48 (m, 1H, o-
C6H4C(CH2CH3)=C), 1.81–1.77 (m, 1H, C=CHCH2), 1.26 (d, 4JPH = 1.7 Hz, 15H, Cp*), 1.15 (t, 
3JHH = 7.4 Hz, 3H, o-C6H4C(CH2CH3)=C), 0.34 (t, 3JHH = 7.4 Hz, 3H, C=CHCH2CH3), −0.34 (m, 
1H, C=CHCH2CH3).  Selected 13C{1H} NMR data (CDCl3): δ 171.8 (s, o-C6H4C(CH2CH3)=C), 
98.4 (m, C=CHCH2CH3), 25.9 (s, o-C6H4C(CH2CH3)=C), 23.9 (s, C=CHCH2CH3), 13.8 (s, o-
C6H4C(CH2CH3)=C), 13.6 (s, C=CHCH2CH3), 9.15 (s, CH3 of Cp*).  Anal. Calcd for 
C72H57BF24PRh (2b): C, 56.79; H, 3.77. Found: C, 56.51; H, 3.60. 
[Cp*Rh{o-C6H4C(Ph)=CHPh}(PPh3)][BArF4] (2c).  This compound was synthesized from 1 
(33.3 mg, 0.054 mmol), NaBArF4·2H2O (58.0 mg, 0.063 mmol) and diphenylacetylene (25.0 mg, 
0.140 mmol) by a procedure similar to that for the synthesis of 2a except that the reaction was 
performed for 5 h and Et2O/hexane was used as the solvent for recystallization.  Dark red 
crystals (66.8 mg, 0.041 mmol, 76% yield).  31P{1H} NMR (CDCl3): δ 36.4 (d, JRhP = 161 Hz, 
PPh3).  1H NMR (CDCl3): δ 7.71–6.44 (m, 41H, Ar), 1.16 (d, 4JPH = 2.3 Hz, 15H, Cp*), 0.72 (t, 
JRhH = 2JPH = 10.3 Hz,, 1H, C=CHPh).  Selected 13C{1H} NMR data (CDCl3): δ 167.1 (s, o-
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C6H4C(Ph)=C), 100.0 (dd, JRhC = 6.6 Hz, 2JPC = 2.5 Hz, C=CHPh), 9.04 (s, CH3 of Cp*).  Anal. 
Calcd for C80H57BF24PRh (2c): C, 59.35; H, 3.55. Found: C, 58.98; H, 3.44. 
[Cp*Rh{o-C6H4C(Me)=CHPh}(PMe3)][BArF4] (5a).  This compound was synthesized from 4 
(23.3 mg, 0.055 mmmol), NaBArF4·2H2O (62.4 mg, 0.068 mmol) and 1-phenyl-1-propyne (30 μl, 
0.243 mmol) by a procedure similar to that for the synthesis of 2a.  Dark red crystals (67.1 mg, 
0.049 mmol, 90% yield).  31P{1H} NMR (CDCl3): δ −2.57 (d, JRhP = 156 Hz, PMe3).  1H NMR 
(CDCl3): δ 7.71 (br, 8H, BArF4), 7.55–7.53 (m, 5H, Ar and BArF4), 7.45–7.20 (m, 8H, Ar), 2.45 
(s, 3H, CH3), 1.37 (d, 2JPH = 10.3 Hz, 9H, P(CH3)3), 1.35 (d, 4JPH = 2.3 Hz, 15H, Cp*), 0.87 (t, 
JRhH = 2JPH = 10.3 Hz, 1H, C=CHPh).  Selected 13C{1H} NMR data (CDCl3): δ 167.4 (s, o-
C6H4C(CH3)=C), 95.3 (br, C=CHPh), 21.5 (s, o-C6H4C(CH3)=C), 15.7 (d, JCP= 33.6 Hz, 
P(CH3)3), 9.44 (s, CH3 of Cp*).  Anal. Calcd for C60H49BF24PRh (5a): C, 52.58; H, 3.60. Found: 
C, 52.58; H, 3.35. 
[Cp*Rh{o-C6H4C(Et)=CHEt}(PMe3)][BArF4] (5b).  This compound was synthesized from 4 
(24.0 mg, 0.056 mmmol), NaBArF4·2H2O (57.0 mg, 0.062 mmol) and 3-hexyne (32 μl, 0.288 
mmol) by a procedure similar to that for the synthesis of 2a.  Red crystals (59.3 mg, 0.044 mmol, 
79% yield).  31P{1H} NMR (CDCl3): δ 3.62 (d, JRhP = 147 Hz, PMe3).  1H NMR (CDCl3): δ 7.71 
(br, 8H, BArF4), 7.54 (br, 4H, BArF4), 7.14–7.04 (m, 4H, Ar), 2.64, 2.31 (m, 1H each, o-
C6H4C(CH2CH3)=C), 2.15 (m, 1H, C=CHCH2CH3), 1.94 (m, 1H, C=CHCH2CH3), 1.76 (m, 1H, 
C=CHCH2CH3), 1.56 (d, 4JPH = 2.9 Hz, 15H, Cp*), 1.30 (t, 3JHH = 8.0 Hz, 3H, o-
C6H4C(CH2CH3)=C), 1.27 (d, 2JPH = 9.7 Hz, 9H, P(CH3)3), 1.02 (t, 3JHH = 7.4 Hz, 3H, 
C=CHCH2CH3).  Selected 13C{1H} NMR data (CDCl3): δ 90.0 (br, C=CHCH2CH3), 26.8 (s, o-
C6H4C(CH2CH3)=C), 22.9 (s, C=CHCH2CH3), 15.3 (d, JCP= 34.8 Hz, P(CH3)3), 15.2 (s, o-
C6H4C(CH2CH3)=C), 14.2 (s, C=CHCH2CH3), 9.52 (s, CH3 of Cp*).  Anal. Calcd for 
C57H51BF24PRh (5b): C, 51.22; H, 3.85. Found: C, 51.23; H, 3.67. 
[Cp*Rh{o-C6H4C(Ph)=CHPh}(PMe3)][BArF4]∙0.5C2H4Cl2 (5c∙0.5C2H4Cl2).  This compound 
was synthesized from 4 (23.2 mg, 0.054 mmmol), NaBArF4·2H2O (60.2 mg, 0.065 mmol) and 
diphenylacetylene (48.5 mg, 0.272 mmol) by a procedure similar to that of 2a.  Dark red crystals 
(74.3 mg, 0.050 mmol, 92% yield).  31P{1H} NMR (CDCl3): δ −2.99 (d, JRhP = 156 Hz, PMe3).  
1H NMR (CDCl3): δ 7.72 (br, 8H, BArF4), 7.54 (br, 4H, BArF4), 7.45–6.80 (m, 14H, Ar), 1.50 (d, 
2JPH = 10.3 Hz, 9H, P(CH3)3), 1.34 (d, 4JPH = 2.3 Hz, 15H, Cp*), 0.38 (t, JRhH = 2JPH = 11.2 Hz, 
1H, C=CHPh).  Selected 13C{1H} NMR data (CDCl3): δ 168.8 (s, o-C6H4C(Ph)=C), 97.2 (dd, 
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JRhC = 7.2 Hz, 2JPC = 2.4 Hz, C=CHPh), 15.7 (d, JCP= 33.6 Hz, P(CH3)3), 9.49 (s, CH3 of Cp*).  
Anal. Calcd for C66H53BClF24PRh (5c∙0.5C2H4Cl2): C, 53.48; H, 3.60. Found: C, 53.84; H, 3.46. 
Observation of 3c.  A mixture of 1 (28.6 mg, 0.047 mmol), NaBArF4·2H2O (47.2 mg, 0.051 
mmol) and diphenylacetylene (26.1 mg, 0.146 mmol, 3 equiv) in C2H4Cl2 (2 mL) was stirred at 
25 ˚C for 30 min.  The resulting dark red suspension was filtered through a plug of Celite, and 
the plug was rinsed with C2H4Cl2.  The combined filtrate was dried in vacuo and washed with 
hexane (2 mL × 3).  The CDCl3 solution of the resultant oil exhibited a 31P{1H} NMR signal 
attributable to 3c at δ 33.2 (d, JRhP = 168 Hz) and a 1H NMR signal of the agostic ortho protons 
of the phenyl substituent in 3c at δ5.31 together with signals of 2c (Figure S1).  When similar 
reaction was performed with 1-d5, the 1H NMR signal at δ 5.31 was not observed.   
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Figure S1. Full 1H NMR spectrum of a mixture of 2c and 3c (2c:3c = 0.45:1) 
140 
 
[Cp*RhCl(Me)(PPh3)]·0.5CH2Cl2 (6∙0.5CH2Cl2).  The following procedure is modified from 
the preparation method originally reported by Blum.43  [Cp*RhCl2(PPh3)] (300 mg, 0.525 mmol) 
was suspended in anhydrous THF (20 mL), and the suspension was cooled to −40 ˚C.  A THF 
solution of MeMgCl (0.53 mL of 3 M solution, 1.59 mmol, 3 equiv) was added dropwise to the 
suspension by using an airtight syringe.  The reaction mixture was stirred at −40 ˚C for 15 min, 
warmed to room temperature, and stirring was continued until the suspension became an orange 
solution (almost 20 min).  Then saturated aqueous NH4Cl solution (0.2 mL) was added to quench 
unreacted Grignard reagent, and the solvent was removed in vacuo.  The product was extracted 
with CH2Cl2 and filtered through a plug of Celite, and the plug was rinsed with CH2Cl2.  Column 
chromatography on silica (4% THF–CH2Cl2) gave the desired complex as the first orange band.  
Recrystallization from CH2Cl2/hexane afforded pure 6∙0.5CH2Cl2 (167.6 mg, 0.282 mmol, 54% 
yield) as orange needles.  The 1H, 31P{1H} and 13C{1H} NMR spectra of the product matches 
with the previous report.43  Anal. Calcd for C29.5H34Cl2PRh (6∙0.5CH2Cl2): C, 59.71; H, 5.78. 
Found: C, 59.74; H, 5.63.   
[Cp*Rh{C(Ph)=C(Ph)Me}(PPh3)][BArF4]∙0.5C2H4Cl2 (7∙0.5C2H4Cl2).  This compound was 
synthesized from 6∙0.5CH2Cl2 (22.1 mg, 0.037 mmol), NaBArF4·2H2O (37.9 mg, 0.041 mmol) 
and diphenylacetylene (33.0 mg, 0.185 mmol) by a procedure similar to that for the synthesis of 
2a except that recrystallization was performed at −20 ˚C.  Dark purple micro crystals (54.1 mg, 
0.034 mmol, 92% yield).  31P{1H} NMR (CDCl3): δ 36.6 (d, 2JRhP = 168 Hz, PPh3).  1H NMR 
(CDCl3): δ 7.71–6.73 (m, 35H, Ar), 6.11 (d, 3JHH = 6.0 Hz, ortho-H of Ph), 2.46 (s, 3H, CH3), 
1.12 (d, 4JPH = 2.9 Hz, 15H, Cp*).  Selected 13C{1H} NMR data (CDCl3): δ 162.1 (dd, JRhC = 
21.6 Hz, 2JPC = 16.8 Hz, Rh–C=C), 131.2 (d, 3JPC = 6.0 Hz, Rh–C=C), 15.4 (s, CH3), 8.76 (s, 
CH3 of Cp*).  Anal. Calcd for C76H57BClF24PRh (7∙0.5C2H4Cl2): C, 56.82; H, 3.58. Found: C, 
57.15; H, 3.45.   
Synthesis of 2a from 7.  A mixture of 6∙0.5CH2Cl2 (22.7 mg, 0.038 mmol), NaBArF4·2H2O 
(36.2 mg, 0.039 mmol) and diphenylacetylene (20.5 mg, 0.115 mmol, 3 equiv) in C2H4Cl2 (2 
mL) was stirred at 25 ˚C for a few min.  The 31P{1H} NMR of the reaction mixture indicated the 
formation of 7 as the sole product.  Then, the resulting dark purple suspension was stirred at 
25 °C for 21 h.  The resulting dark red suspension was filtered through a plug of Celite, and the 
plug was rinsed with C2H4Cl2.  The combined filtrate was concentrated in vacuo, and slow 
diffusion of hexane into the solution gave 2a (42.3 mg, 0.027 mmol, 71% yield) as dark red 
crystals.   
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Kinetic Experiment.  A C2H4Cl2 solution (1 mL) containing 1 (16.7 mg, 0.027 mmol) NaBArF4 
(28.0 mg, 0.030 mmol) and ca. 3 equiv of diphenylacetylene (15.0 mg, 0.084 mmol) was 
transferred to an NMR tube under an atomosphere of argon.  The sample was kept at 25 ˚C, and 
the reaction was monitored by means of 31P{1H} NMR.  Throughout the measurement, two 
distinct doublet signals were observed, which were assigned as complexes 2c (δ 36.4) and 3c (δ 
33.2).  The ratios of these complexes were determined on the basis of the relative intensities of 
the 31P{1H} NMR signals, and the apparent first-order rate constant for the isomerisation of 3c 
(kH = 1.63 × 10−4 s−1) was obtained from the time-conversion plot (Figure S2).  The kD value (kD 
= 0.50 × 10−4 s−1, Figure S3) was obtained from a similar reaction using a C2H4Cl2 solution (1 
mL) containing 1-d5 (17.0 mg, 0.028 mmol), NaBArF4 (28.5 mg, 0.031 mmol) and ca. 3 equiv of 
diphenylacetylene (15.0 mg, 0.084 mmol).  The rate constant ratio kH/kD (25 ˚C) was determined 
to be 3.3.   
[Cp*RhCl(C6H4Me-m)(PMe3)] (9).  The following procedure is modified from the preparation 
method for [Cp*IrCl(C6H4Me-m)(PMe3)] reported by Bergman.44  [Cp*RhCl2(PMe3)] (300 mg, 
0.779 mmol) was suspended in anhydrous THF (20 mL), and the suspension was cooled to −40 
˚C.  A THF solution of (m-C6H4Me)MgCl (2.5 mL of 1 M solution, 2.50 mmol, ca. 3.1 equiv) 
was added dropwise to the suspension by using an airtight syringe.  The reaction mixture was 
stirred at −40 ˚C for 15 min, warmed to room temperature, and stirring was continued for 
additional 30 min.  Then saturated aqueous NH4Cl solution (0.15 mL) was added to quench 
unreacted Grignard reagent, and the solvent was removed in vacuo.  The product was extracted 
with CH2Cl2 and filtered through a plug of Celite, and the plug was rinsed with CH2Cl2.  Column 
chromatography on silica (4% THF–CH2Cl2) gave the desired complex as the first orange band.  
Recrystallization from CH2Cl2/hexane at −20 ˚C afforded pure 9 (232.3 mg, 0.527 mmol, 68% 
yield) as orange microcrystals.  1H NMR (CDCl3): δ 7.57 (br, 1H, Ar), 6.81 (br, 2H, Ar), 6.67 (d, 
3JHH = 7.4 Hz, 1H, Ar), 2.20 (s, 3H, CH3), 1.53 (d, 2JPH = 2.3 Hz, 15H, Cp*), 1.29 (d, 4JPH = 10.3 
Hz, 9H, P(CH3)3).  31P{1H} NMR (CDCl3): δ 6.58 (d, 1JRhP = 154.0 Hz, PMe3).  13C{1H} NMR 
data (CDCl3, 50 ˚C): δ 158.4 (dd, 1JRhC = 32.4 Hz, 2JPC = 21.6 Hz, Ar), 139.2, 136.0, 135.3, 
126.9 (br, Ar), 123.0 (s, Ar), 98.9 (t, 1JRhC = 2JPC = 4.2 Hz, Cp*), 21.5 (s, CH3), 14.9 (d, 1JPC = 
32.4 Hz, P(CH3)3), 9.25 (s, CH3 of Cp*).  Anal. Calcd for C20H31ClPRh (9): C, 54.50; H, 7.09. 
Found: C, 54.67; H, 7.11.   
[Cp*Rh{C6H3-2-(C(Me)=CHPh)-4-Me}(PMe3)][BArF4] (10a).  A mixture of 
[Cp*RhCl(C6H4Me-m)(PMe3)] (9; 30.6 mg, 0.069 mmol), NaBArF4·2H2O (68.7 mg, 0.075 
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mmol) and 1-phenyl-1-propyne (42 μl, 0.340 mmol) in C2H4Cl2 (3 mL) was stirred at 25 ˚C for a 
few minutes.  The resulting dark red suspension was filtered through a plug of Celite, and the 
plug was rinsed with C2H4Cl2.  The combined filtrate was concentrated in vacuo and layered 
with hexane to give 10a (90.9 mg, 0.066 mmol, 96% yield) as dark red crystals.  31P{1H} NMR 
(CDCl3): δ −2.19 (d, 1JRhP = 159 Hz, PPh3).  1H NMR (CDCl3): δ 7.71–7.07 (m, 20H, Ar), 2.44 
(s, 3H, CH3), 2.34 (s, 3H, CH3), 1.36 (d, 2JPH = 9.7 Hz, 9H, P(CH3)3), 1.35 (d, 4JPH = 2.9 Hz, 15H, 
Cp*), 0.84 (t, 1JRhH = 2JPH = 10.0 Hz, 1H, C=CHPh).  Selected 13C{1H} NMR data (CDCl3): δ 
167.9 (s, ArC(Me)=CHPh), 95.1 (pseudo t, 1JRhC = 2JPC = 4.2 Hz, ArC(Me)=CHPh), 21.5 (s, 
CH3), 21.2 (s, CH3), 15.7 (d, 1JPC = 32.4 Hz, P(CH3)3), 9.42 (s, CH3 of Cp*).  Anal. Calcd for 
C61H51BF24PRh (10a): C, 52.91; H, 3.71. Found: C, 52.71; H, 3.43.   
[Cp*Rh{C6H3-2-(C(Et)=CHEt)-4-Me}(PMe3)][BArF4]∙0.5C2H4Cl2 (10b∙0.5C2H4Cl2).  This 
compound was synthesized from 9 (29.3 mg, 0.067 mmmol), NaBArF4·2H2O (69.2 mg, 0.075 
mmol) and 3-hexyne (38 μl, 0.341 mmol) by a procedure similar to that for the synthesis of 10a.  
Reddish orange crystals (80.4 mg, 0.057 mmol, 85% yield).  31P{1H} NMR (CDCl3): δ 3.29 (d, 
1JRhP = 149 Hz, PMe3).  1H NMR (CDCl3): δ 7.70 (br, 8H, BArF4), 7.53 (br, 4H, BArF4), 6.98–
6.90 (m, 3H, Ar), 2.63, 2.32 (m, 1H each, ArC(CH2CH3)=C), 2.28 (s, 3H, CH3), 2.16, 1.79 (m. 
1H each, C=CHCH2CH3), 1.74 (m, 1H, C=CHCH2CH3), 1.56 (d, 4JPH = 2.9 Hz, 15H, Cp*), 1.29 
(t, 3JHH = 7.0 Hz, 3H, C=CHCH2CH3), 1.27 (d, 2JPH = 10.0 Hz, 9H, P(CH3)3), 1.01 (t, 3JHH = 7.5 
Hz, 3H, ArC(CH2CH3)=C).  Selected 13C{1H} NMR data (CDCl3): δ 90.1 (s, C=CHCH2CH3), 
26.8 (s, ArC(CH2CH3)=C), 22.9 (s, C=CHCH2CH3), 15.4 (d, 1JPC = 33.6 Hz, P(CH3)3), 15.3 (s, 
ArC(CH2CH3)=C), 14.3 (s, C=CHCH2CH3), 9.58 (s, CH3 of Cp*).  Anal. Calcd for 
C59H55BClF24PRh (10b∙0.5C2H4Cl2): C, 50.61; H, 3.96. Found: C, 50.55 H, 3.60.   
[Cp*Rh{C6H3-2-(C(Ph)=CHPh)-4-Me}(PMe3)][BArF4] (10c) and 
[Cp*Rh{C(Ph)=C(C6H4Me-m)Ph}(PMe3)][BArF4] (11).  A mixture of 9 (30.8 mg, 0.070 
mmol), NaBArF4·2H2O (69.6 mg, 0.075 mmol), and diphenylacetylene (61.1 mg, 0.343 mmol) in 
C2H4Cl2 (3 mL) was stirred at 25 °C for 1 h.  The 31P{1H}NMR spectrum of the reaction mixture 
indicated complete consumption of 9 and formation of 10c (δ −2.92) and 11 (δ −5.11) in a ratio 
of 1/0.20.  The resulting dark red solution was filtered through a plug of Celite, and the plug was 
rinsed with C2H4Cl2.  The combined filtrate was concentrated in vacuo and layered with hexane 
to give the dark red crystals, which was revealed to be 10c by X-ray diffraction study (83.6 mg, 
0.058 mmol, 83% yield).  Dissolution of dark red crystals of 10c gave an equilibrium mixture of 
10c and 11 in the above ratio.  10c: 31P{1H} NMR (C2H4Cl2): δ −2.92 (d, 1JRhP = 156.3 Hz, 
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P(CH3)3).  31P{1H} NMR (CDCl3): δ −2.97 (d, 1JRhP = 156.3 Hz, P(CH3)3).  Selected 1H NMR 
data (CDCl3): δ 2.18 (s, 3H, CH3), 1.48 (d, 2JPH = 10.3 Hz, 9H, P(CH3)3), 1.33 (d, 4JPH = 2.3 Hz, 
15H, Cp*), 0.30 (t, 1JRhH = 2JPH = 11.2 Hz, 1H, C=CHPh), signals due to the aryl protons are 
overlapping and could not be assigned.  Selected 13C{1H} NMR data (CDCl3): δ 168.8 (s, 
ArC(Ph)=CHPh), 96.8 (dd, 1JRhC = 7.2 Hz, 2JPC = 2.4 Hz, ArC(Ph)=CHPh), 20.8 (s, CH3), 15.5 
(d, 1JPC = 33.6 Hz, P(CH3)3), 9.26 (s, CH3 of Cp*).  11: 31P{1H} NMR (CDCl3): δ −5.11 (d, 1JRhP 
= 172.7 Hz, P(CH3)3).  Selected 1H NMR data (CDCl3): δ 4.46 (br t, 1JRhH = 3JHH = 5.2 Hz, 1H, 
ArH–Rh), 2.25 (s, 3H, CH3), 1.46 (d, 4JPH = 2.3 Hz, 15H, Cp*), 1.10 (d, 2JPH = 10.3 Hz, 9H, 
P(CH3)3).  Anal. Calcd for C66H53BF24PRh (10c): C, 54.79; H, 3.69. Found: C, 54.84; H, 3.54.   
Isomerization of 10c to [Cp*Rh{C6H4-2-(C(C6H4Me-m)=CHPh)}(PMe3)][BArF4] (10c′).  A 
C2H4Cl2 solution of 10c and 11, prepared by the above procedure (9, 29.2 mg, 0.066 mmol; 
NaBArF4·2H2O, 69.5 mg, 0.075 mmol; diphenylacetylene, 59.8 mg, 0.336 mmol), was heated at 
50 °C for 20 h.  The 31P{1H}NMR spectrum of the reaction mixture indicated the formation of 
10c (δ −2.92), 11 (δ −5.11), and 10c′ (δ −3.30) in a ratio of 1/0.10/2.4.  The resulting dark red 
solution was filtered through a plug of Celite, and the plug was rinsed with C2H4Cl2.  The 
combined filtrate was concentrated in vacuo and layered with hexane to give a mixture of 10c 
and 10c′ as dark red crystals (88.7 mg, 0.061 mmol, 92% total yield).  10c′: 31P{1H} NMR 
(C2H4Cl2): δ −3.30 (d, 1JRhP = 154.0 Hz, P(CH3)3).  31P{1H} NMR (CDCl3): δ −2.97 (d, 1JRhP = 
156.3 Hz, P(CH3)3).  Selected 1H NMR data (CDCl3): δ 2.32 (s, 3H, CH3), 1.48 (d, 2JPH = 10.3 
Hz, 9H, P(CH3)3), 1.33 (d, 4JPH = 2.3 Hz, 15H, Cp*), 0.36 (t, 1JRhH = 2JPH = 11.2 Hz, 1H, 
C=CHPh), signals due to the PMe3 and Cp* of 10c and 10c′ are overlapping.  Selected 13C{1H} 
NMR data (CDCl3): δ 168.9 (s, ArC(C6H4Me-m)=CHPh), 96.6 (dd, 1JRhC = 7.2 Hz, 2JPC = 2.4 Hz, 
ArC(C6H4Me-m)=CHPh), 21.5 (s, CH3), 15.4 (d, 1JCP = 33.7 Hz, P(CH3)3), 9.21 (s, CH3 of Cp*).  
Anal. Calcd for C66H53BF24PRh (10c and 10c′): C, 54.79; H, 3.69. Found: C, 54.82; H, 3.62.   
144 
 
Rh1
H1
P1
C1 C2 C3
C4
 
Figure S2.  ORTEP drawing of the other rotamer of 10c′ (30% probability, preliminary data).  
Anionic part and hydrogen atoms except for H1 are omitted for clarity. 
 
[Cp*RhCl(C6H3-3,5-Me2)(PMe3)] (12).  This compound was synthesized from 
[Cp*RhCl2(PMe3)] (300 mg, 0.779 mmol) and (3,5-C6H3Me2)MgCl (2.5 mL of 1 M solution, 
2.50 mmol, ca. 3.1 equiv) by a procedure similar to that for the synthesis of 9.  Orange crystals 
(245.8 mg, 0.540 mmol, 69% yield).  1H NMR (CDCl3): δ 7.38 (br, 1H, Ar), 6.64 (br, 1H, Ar), 
6.50 (s, 1H, Ar), 2.17 (s, 6H, CH3), 1.54 (d, 4JPH = 2.3 Hz, 15H, Cp*), 1.30 (d, 2JPH = 10.3 Hz, 
9H, P(CH3)3).  31P{1H} NMR (CDCl3): δ 6.47 (d, 1JRhP = 154.0 Hz, PMe3).  13C{1H} NMR 
(CDCl3, 50 ˚C): δ 158.1 (dd, 1JRhC = 31.2 Hz, 2JPC = 21.6 Hz, Ar), 136.2, 135.6 (br, Ar), 124.1 (s, 
Ar), 98.9 (t, 1JRhC = 2JCP = 4.9 Hz, Cp*), 21.4 (s, CH3), 15.0 (d, 1JCP = 32.4 Hz, P(CH3)3), 9.30 (s, 
CH3 of Cp*).  Anal. Calcd for C21H33ClPRh (12): C, 55.46; H, 7.31.  Found: C, 55.54; H, 7.38.   
[Cp*Rh{C(Ph)=C(Ph)C6H3-3,5-Me2}(PMe3)][BArF4]∙0.5C6H6 (13∙0.5C6H6).  This compound 
was synthesized from 12 (24.5 mg, 0.054 mmol), NaBArF4·2H2O (55.4 mg, 0.060 mmol) and 
diphenylacetylene (49.2 mg, 0.276 mmol) by a procedure similar to that for the synthesis of 10a 
except for Et2O–benzene/hexane was used as the solvent for recrystallization.  Dark red crystals 
(62.2 mg, 0.041 mmol, 76% yield).  31P{1H} NMR (CDCl3): δ −2.33 (d, 1JRhP = 168 Hz, PMe3).  
1H NMR (CDCl3): δ 7.71 (br, 8H, BArF4), 7.53 (br, 4H, BArF4), 7.37–6.47 (m, 14H, Ar and 
solvate benzene), 5.77 (br, 2H, ArH–Rh), 2.26 (s, 6H, CH3), 1.39 (d, 4JPH = 2.9 Hz, 15H, Cp*), 
1.25 (d, 2JPH = 10.3 Hz, 9H, P(CH3)3).  Selected 13C{1H} NMR data (CDCl3): δ 22.0 (s, CH3 of 
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3,5-C6H4(CH3)2), 16.0 (d, 1JCP = 32.4 Hz, P(CH3)3), 9.60 (s, CH3 of Cp*).  Anal. Calcd for 
C70H58BF24PRh (13∙0.5C6H6): C, 56.06; H, 3.90. Found: C, 56.06; H, 3.79.   
[Cp*Rh{C6H4-2-(C(C6H3-3,5-Me2)=CHPh)}(PMe3)][BArF4] (14′).  A mixture of 12 (24.6 mg, 
0.054 mmol), NaBArF4·2H2O (56.1 mg, 0.061 mmol), and diphenylacetylene (49.4 mg, 0.277 
mmol) in C2H4Cl2 (3 mL) was stirred at 25 ˚C for a few min.  The 31P{1H} NMR of the reaction 
mixture indicated the formation of 13 as the sole product.  Then, the resulting dark red 
suspension was heated at 50 °C for 90 h.  The dark red reaction mixture was filtered through a 
plug of Celite, and the plug was rinsed with C2H4Cl2.  The combined filtrate was dried in vacuo, 
and the residue was recrystallized from CHCl3/hexanes to give 14′ (65.2 mg, 0.045 mmol, 83% 
yield) as dark red powder.  31P{1H} NMR (CDCl3): δ −2.95 (d, 1JRhP = 156 Hz, PMe3).  1H NMR 
(CDCl3): δ 7.72 (br, 8H, BArF4), 7.53 (br, 4H, BArF4), 7.33–6.49 (m, 12H, Ar), 2.28 (br, 6H, 
CH3), 1.49 (d, 2JPH = 10.3 Hz, 9H, P(CH3)3), 1.34 (d, 4JPH = 2.9 Hz, 15H, Cp*), 0.36 (t, 1JRhH = 
2JPH = 11.5 Hz, 1H, C=CHPh).  Selected 13C{1H} NMR data (CDCl3): δ 169.2 (s, ArC(C6H3-3,5-
Me2)=CHPh), 96.2 (dd, 1JRhC = 7.2 Hz, 2JPC = 2.4 Hz, ArC(C6H3-3,5-Me2)=CHPh), 21.4 (s, CH3), 
21.2 (s, CH3), 15.4 (d, 1JCP = 33.6 Hz, P(CH3)3), 9.20 (s, CH3 of Cp*).  Anal. Calcd for 
C67H55BF24PRh (14′): C, 55.09; H, 3.79. Found: C, 55.18; H, 3.52.   
[Cp*IrCl(Ph)(PMe3)] (15).  The following procedure is modified from the preparation method 
of [Cp*IrCl(C6H4Me-m)(PMe3)] reported by Bergman.41  [Cp*IrCl2(PMe3)] (300 mg, 0.632 
mmol) was suspended in anhydrous THF (20 mL).  A THF solution of PhMgCl (1 mL of 2 M 
solution, 2 mmol, ca. 3 equiv) was added dropwise to the suspension by using an airtight syringe.  
The reaction mixture was stirred at ambient temperature for 3 h.  Then saturated aqueous NH4Cl 
solution (0.2 mL) was added to quench unreacted Grignard reagent, and the solvent was removed 
in vacuo.  The product was extracted with CH2Cl2 and filtered through a plug of Celite, and the 
plug was rinsed with CH2Cl2.  Column chromatography on silica (Et2O) gave the desired 
complex as the first yellow band.  The yellow eluate was dried up in vacuo to give 15 (138.2 mg, 
0.268 mmol, 42% yield) as yellow microcrystals.  The 1H, 31P{1H} and 13C{1H} NMR spectra of 
the product matches with the previous report.45   
[Cp*Ir{o-C6H4C(Ph)=CHPh}(PMe3)][BArF4] (16a).  A mixture of 15 (29.5 mg, 0.057 mmol), 
NaBArF4·2H2O (58.4 mg, 0.063 mmol) and diphenylacetylene (51.0 mg, 0.286 mmol, 5 equiv) in 
C2H4Cl2 (3 mL) was stirred at 25 ˚C for few min.  The resulting dark red suspension was filtered 
through a plug of Celite, and the plug was rinsed with C2H4Cl2.  The combined filtrate was 
concentrated in vacuo and layered with hexane to give 16a (70.3 mg, 0.046 mmol, 81% yield) as 
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dark red crystals.  31P{1H} NMR (CDCl3, r.t.): δ −35.3 (s, PMe3).  1H NMR (CDCl3, −40 ˚C): δ 
7.71–6.80 (m, 26H, Ar), 1.60 (d, 2JPH = 9.7 Hz, 9H, P(CH3)3), 1.40 (s, 15H, Cp*), −0.30 (d, 2JPH 
= 12.0 Hz, 1H, C=CHPh).  Selected 13C{1H} NMR data (CDCl3, −40 ˚C): δ 176.0 (s, o-
C6H4C(Ph)=C), 86.4 (d, 2JPC = 9.6 Hz, C=CHPh), 15,4 (d, 1JCP = 40.8 Hz, P(CH3)3), 8.51 (s, CH3 
of Cp*).  Anal. Calcd for C65H51BF24IrP (16a): C, 51.29; H, 3.38. Found: C, 51.06; H, 3.15.   
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Figure S3.  1H NMR spectra (CDCl3, 500.16 MHz) of 16a at room temperature and −40 ˚C. 
 
[Cp*Ir{o-C6H4C(Me)=CHMe}(PMe3)][BArF4] (16b).  This compound was synthesized from 
15 (24.5 mg, 0.048 mmol), NaBArF4·2H2O (49.3 mg, 0.054 mmol) and 2-butyne (18 μL, 0.230 
mmol) by a procedure similar to that for the synthesis of 16a except that the reaction was 
performed for 1 h.  Yellow crystals (50.9 mg, 0.036 mmol, 75% yield).  31P{1H} NMR (CDCl3, 
r.t.): δ −31.9 (s, PMe3).  1H NMR (CDCl3, −40 ˚C): δ 7.71 (br, 8H, BArF4), 7.53 (br, 4H, BArF4), 
7.00 (br, 3H, Ar), 6.73 (d, 3JHH = 5.0 Hz, 1H, Ar), 3.42 (m, 1H, C=CHCH3), 1.91 (s, 3H, 
ArC(CH3)=C), 1.65 (s, 15H, Cp*), 1.36 (d, 3JHH = 6.3 Hz, 3H, C=CHCH3), 1.31 (d, 2JPH = 10.3 
Hz, 9H, P(CH3)3).  Selected 13C{1H} NMR data (CDCl3, −40 ˚C): δ 18.1 (s, C=CHCH3), 16.6 (s, 
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ArC(CH3)=C), 13.9 (d, 2JCP = 43.2 Hz, P(CH3)3), 8.72 (s, CH3 of Cp*).  Anal. Calcd for 
C55H47BF24ItP (16b): C, 47.25; H, 3.39. Found: C, 47.37; H, 3.32.   
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Figure S4.  1H NMR spectra (CDCl3, 500.16 MHz) of 16b at room temperature and −40 ˚C. 
 
[Cp*Ir{C6H4-2-(C(C6H4Me-m)=CHPh)}(PMe3)][BArF4] (19).  This compound was 
synthesized from 18 (29.8 mg, 0.056 mmol), NaBArF4·2H2O (57.8 mg, 0.063 mmol) and 
diphenylacetylene (50.0 mg, 0.281 mmol) by a procedure similar to that for the synthesis of 16a.  
Dark red crystals (80.3 mg, 0.052 mmol, 93% yield).  31P{1H} NMR (CDCl3, r.t.): δ −35.3 (br, 
PMe3).  At −60 ˚C, the signal is split into four singlets at δ −34.4, −34.6, −34.7 (19, 19′, and 
19″) and −32.8 (20).  Selected 1H NMR data for 19, 19′, and 19″ (CDCl3, −60 ˚C): δ 2.40, 2.20, 
2.19 (s, 3H, CH3), 1.59 (d, 2JPH = 10.9 Hz, 9H, P(CH3)3), 1.38 (s, 15H, Cp*), −0.25, −0.37, −0.42 
(d, 2JPH = 12.6–13.2 Hz, 1H, C=CHPh).  Selected 1H NMR data for 20 (CDCl3, −60 ˚C): δ 3.33 
(br d, 3JHH = 4.6 Hz, 1H, o-H of m-C6H4Me), 1.58 (s, 15H, Cp*), 1.09 (d, 2JPH = 9.7 Hz, 9H, 
P(CH3)3), the Me signal of 20 is overlapping with those of 19, 19′, and 19″.  Anal. Calcd for 
C66H53BF24IrP (19): C, 51.61; H, 3.48. Found: C, 51.60; H, 3.24.   
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[Cp*Ir{η3-CH(Ph)C(Ph)CH2}(PMe3)][BArF4] (21).  This compound was synthesized from 15 
(29.3 mg, 0.057 mmol), NaBArF4·2H2O (58.4 mg, 0.063 mmol) and 1-phenyl-1-propyne (36.3 
μL, 0.291 mmol) by a procedure similar to that for the synthesis of 16a except that the reaction 
was performed for 12 h.  Pale yellow crystals (70.9 mg, 0.049 mmol, 86% yield).  31P{1H} NMR 
(CD2Cl2, r.t.): δ −40.7 (s, PMe3).  31P{1H} NMR (CD2Cl2, −60 ˚C): δ −39.4 (s, PMe3).  31P{1H} 
NMR (CD2Cl2, −80 ˚C): δ −38.9 (s, PMe3).  1H NMR (CD2Cl2, r.t.): δ 7.72 (br, 8H, BArF4), 7.26 
(br, 6H, BArF4 and Ph), 7.17 (br, 3H, Ph), 7.29–7.20 (m, 3H, Ph), 7.07–7.03 (m, 2H, Ph), 5.97 (s, 
1H, CHPh of η3-allyl), 4.32 (d, 2JHH = 3.0 Hz, 1H, CH2 of η3-allyl), 2.59 (dd, 3JPH = 20.6 Hz, 
2JHH = 4.0 Hz, 1H, CH2 of η3-allyl), 1.59 (d 4JPH = 1.7 Hz, 15H, Cp*), 1.07 (d, 2JPH = 9.7 Hz, 9H, 
P(CH3)3).  Selected 1H NMR data (CD2Cl2, −60 ˚C): δ 1.49 (s, 15H, Cp*), 0.99 (d, 2JPH = 9.5 Hz, 
9H, P(CH3)3).  Selected 1H NMR data (CD2Cl2, −80 ˚C): δ 1.46 (s, 15H, Cp*), 0.96 (d, 2JPH = 
10.0 Hz, 9H, P(CH3)3).  Selected 13C{1H} NMR data (CDCl3, r.t.): δ 41.3 (d, 2JPC = 4.8 Hz, 
C=CHPh), 28.4 (s, =CH2), 16.1 (d, 2JCP = 40.8 Hz, P(CH3)3), 9.36 (s, CH3 of Cp*).  Anal. Calcd 
for C60H49BF24IrP (21): C, 49.36; H, 3.38. Found: C, 48.98; H, 3.10. 
[Cp*Ir{=C(Ph)CH(Me)−C6H4}(PMe3)][BArF4] (22)  A mixture of 15 (29.0 mg, 0.056 mmol), 
NaBArF4·2H2O (58.9 mg, 0.064 mmol), and 1-phenyl-1-propyne (33 μl, 0.267 mmol, ca. 5 
equiv) in C2H4Cl2 (3 mL) was stirred at ambient temperature for a few min.  The resulting dark 
red solution was filtered through a plug of Celite, and the plug was rinsed off with C2H4Cl2.  The 
combined filtrate was concentrated in vacuo and layered with hexane and stored at −20 ˚C.  Two 
kinds of crystals, i.e., small amount of pale yellow crystals (21) and dark red crystals (22) were 
deposited as a mixture.  The dark red crystals were separated manually from the mixture to 
obtain 22 in a pure form (69.6 mg, 0.048 mmol, 86% yield).  31P{1H} NMR (CD2Cl2, r.t.): δ 
−34.5 (br, PMe3).  This 31P{1H} NMR signal was split into two sharp singlets at δ −32.2 (22) and 
−34.1 (16c) in the intensity ratio of 1:1 at −60 ˚C and at δ−31.6 (22) and −33.9 (16c) in the ratio 
of 1.4:1 at −80 ˚C.  Selected 1H NMR data for 22 (CD2Cl2, −60 ˚C): δ 1.51 (s, 15H, Cp*), 1.27 (d, 
2JPH = 11.0 Hz, 9H, P(CH3)3), 1.00 (m, 1H, C(CH3)H).  Selected 1H NMR data for 22 (CD2Cl2, 
−80 ˚C): δ 1.48 (s, 15H, Cp*), 1.25 (d, 2JPH = 11.5 Hz, 9H, P(CH3)3), 1.00 (q, 3JHH = 7.4 Hz, 1H, 
C(CH3)H).  The Me signals of 22 at both temperatures are obscured by overlapping with the 
signals of PMe3 of 16c and Cp* of 21, although clear correlations with C(CH3)H are observed by 
H-H COSY measurements (Figure S7).  Selected 1H NMR data for 16c (CD2Cl2, −60 ˚C): δ 2.34 
(s, 3H, ArC(CH3)=C), 1.44 (s, 15H, Cp*), 0.95 (d, 2JPH = 10.0 Hz, 1H, C=CHPh), signals due to 
the PMe3 and Cp* of 16c were overlapping.  Selected 1H NMR data for 16c (CD2Cl2, −80 ˚C): δ 
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2.33 (s, 3H, ArC(CH3)=C), 1.44 (d, 2JPH = 10.0 Hz, 9H, P(CH3)3), 1.40 (s, 15H, Cp*), 0.93 (d, 
2JPH = 9.0 Hz, 1H, C=CHPh).  Selected 13C{1H} NMR data for 22 (CD2Cl2, −60 ˚C): δ 317.2 (br, 
Ir=C), 77.0 (d, 3JPC = 2.4 Hz, Ir=C(Ph)CH(CH3)), 16.7 (d, 1JCP = 42.0 Hz, P(CH3)3), 16.2 (s, 
Ir=C(Ph)CH(CH3)), 8.91 (s, CH3 of Cp*).  Selected 13C{1H} NMR data for 16c (CD2Cl2, −60 
˚C): δ 156.9 (br, ArC(CH3)=CHPh), 82.1 (d, 2JPC = 4.8 Hz, ArC(Me)=CHPh), 22.8 (s, 
ArC(CH3)=CHPh), 15.1 (d, 1JPC = 40.8 Hz, P(CH3)3), 8.63 (s, CH3 of Cp*).  Anal. Calcd for 
C60H49BF24ItP (22): C, 49.36; H, 3.38. Found: C, 49.52; H, 3.15.   
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Ph
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Figure S5.  H-H COSY spectrum (CD2Cl2, 500.16 MHz) of 22 at−60 ˚C. 
Preliminary Kinetic Experiment.  A C2H4Cl2 solution (0.75 mL) containing 15 (15.1 mg, 
0.029 mmol) NaBArF4 (29.7 mg, 0.032 mmol) and ca. 5 equiv of PhC≡CMe (18 μL, 0.144 
mmol) was transferred to an NMR tube under an atomosphere of argon.  The sample was kept at 
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25 ˚C, and the reaction was monitored by means of 31P{1H} NMR.  Throughout the measurement, 
a broad singlet of an equilibrium mixture of 16c and 22 (δ −34.9) and a sharp singlet of 21 (δ 
−41.0) were observed.  The ratios of these complexes were determined on the basis of the 
relative intensities of the 31P{1H} NMR signals, and the apparent first-order rate constant for the 
reaction (kH = 8.94 × 10−5 s−1) was obtained.  The kD value (kD = 8.13 × 10−5 s−1) was obtained 
from a similar reaction using a C2H4Cl2 solution (0.75 mL) containing 1-d5 (16.0 mg, 0.030 
mmol), NaBArF4 (32.0 mg, 0.035 mmol) and ca. 5 equiv of PhC≡CMe (18 μL, 0.144 mmol).  
The rate constant ratio kH/kD (25 ˚C) was determined to be 1.1.   
X-ray Diffraction Studies.  Diffraction data for 2a–c, 5a–c, 10a, 10c, 10c′, 16a, 16b, 19, 21, 
and 22 were collected on a Rigaku Mercury CCD or VariMax Saturn CCD diffractometer with 
graphite-monochromated Mo Kα radiation (λ = 0.71070 Å) at –150 °C.  Intensity data were 
corrected for Lorenz-polarization effects and for empirical absorption (REQAB).46  All 
calculations were performed using the CrystalStructure47 crystallographic software package 
except for refinements, which were performed using SHELXL-97.
48
  The positions of the non-
hydrogen atoms were determined by direct methods (SIR-2008)49 and subsequent Fourier 
syntheses (DIRDIF-99).50  All non-hydrogen atoms were refined on Fo2 anisotropically by full-
matrix least-square techniques.  All hydrogen atoms were placed at the calculated positions with 
fixed isotropic parameters.  Details of the X-ray diffraction study are summarized in Table S1–5.   
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Table S1.  X-ray Crystallographic Data for 2a, 2b and 2c.   
 2a 2b 2c 
CCDC 957816   
formula C75H55BF24PRh C72H57BF24PRh C80H57BF24PRh 
fw 1556.91 1522.89 1618.98 
crystal dimension 0.43 × 0.32 × 0.30 0.15 × 0.15 × 0.10 0.42 × 0.35 × 0.32 
crystal system monoclinic monoclinic triclinic 
space group P21/n(#14) P21 (#4) P-1 (#2) 
a, Å 14.906(3) 12.588(4) 12.443(2) 
b, Å 25.081(5) 14.236(4) 16.408(3) 
c, Å 18.215(3) 19.194(5) 17.449(3) 
, deg 90 90 81.846(4) 
, deg 92.956(2) 95.880(4) 88.556(5) 
, deg 90 90 84.011(4) 
V, Å3 6801 (2) 3422(2 3507.0(10) 
Z 4 2 2 
calcd, g cm−3 1.521 1.478 1.533 
F(000) 3144 1540 1636 
, cm−1 3.839 3.796 3.75 
transmission factors 
range 0.857 – 0.891 0.857 – 0.891 0.829 – 0.888 
index range −19 ≤ h ≤ 16 −16 ≤ h ≤ 14 −16 ≤ h ≤ 10 
 −25 ≤ k ≤ 32 −17 ≤ k ≤ 18 −21 ≤ k ≤ 18 
 −21 ≤ l ≤ 23 −24 ≤ l ≤ 24 −22 ≤ l ≤ 20 
no. reflections  52317 28414 27323 total 
unique (Rint) 15429 (0.0720) 13854 (0.0623) 15541 (0.0389) 
I > 2(I) 10917 10829 11751 
no. parameters  920 896 966 
R1 (I > 2(I))a 0.0694 0.0879 0.0565 
wR2 (all data)b 0.1796 0.2397 0.1302 
GOF c 1.028 1.048 1.073 
max diff peak 
/ hole, e Å−3 1.48/−0.85 3.38/−1.29 0.60/−0.73 
a R1 = Σ||Fo| − |Fc||/Σ|Fo|.  b wR2 = [Σ{w(Fo2 − Fc2)2}/Σw(Fo2)2]1/2, w = 1/[2Fo2 + (aP)2 + bP] 
(a and b are constants suggested by the refinement program; P = [max(Fo2,0) + 2Fc2]/3).  cGOF = 
[Σw(Fo2 − Fc2)2/(Nobs − Nparams)]1/2. 
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Table S2.  X-ray Crystallographic Data for 5a, 5b and 5c·0.5C2H4Cl2.   
 5a 5b 5c·0.5C2H4Cl2 
CCDC 957817   
formula C60H49BF24PRh C57H51BF24PRh C66H53BClF24PRh 
fw 1370.7 1336.68 1482.25 
crystal dimension 0.35 × 0.35 × 0.20 0.30 × 0.30 × 0.30 0.32 × 0.28 × 0.15 
crystal system triclinic monoclinic triclinic 
space group P-1 (#2) P21/c(#14) P-1 (#2) 
a, Å 12.591(2) 12.691(3) 12.554(3) 
b, Å 15.472(3) 18.613(4) 15.012(3) 
c, Å 17.459(3) 24.506(6) 18.254(4) 
, deg 65.085(5) 90 104.888(3) 
, deg 70.167(6) 98.219(3) 99.857(2) 
, deg 81.773(7) 90 98.291(2) 
V, Å3 2901.7(8) 5729(3) 3211.0(11) 
Z 2 4 2 
calcd, g cm−3 1.569 1.550 1.533 
F(000) 1380 2696 1494 
, cm−1 4.378 4.411 4.422 
transmission factors 
range 0.807 – 0.916 0.610 – 0.876 0.856 – 0.936 
index range −16 ≤ h ≤ 16 −16 ≤ h ≤ 16 −16 ≤ h ≤ 16 
 −12 ≤ k ≤ 20 −24 ≤ k ≤ 15 −15 ≤ k ≤ 19 
 −20 ≤ l ≤ 22 −30 ≤ l ≤ 31 −23 ≤ l ≤ 19 
no. reflections  22533 42968 24947 total 
unique (Rint) 12848 (0.0408) 13061 (0.0665) 14234 (0.0459) 
I > 2(I) 10542 9058 10247 
no. parameters  788 760 850 
R1 (I > 2(I))a 0.0508 0.0894 0.0670 
wR2 (all data)b 0.1287 0.2350 0.1678 
GOF c 1.101 1.075 1.066 
max diff peak 
/ hole, e Å−3 0.90/−0.80 1.02/−1.03 1.40/−1.72 
a R1 = Σ||Fo| − |Fc||/Σ|Fo|.  b wR2 = [Σ{w(Fo2 − Fc2)2}/Σw(Fo2)2]1/2, w = 1/[2Fo2 + (aP)2 + bP] 
(a and b are constants suggested by the refinement program; P = [max(Fo2,0) + 2Fc2]/3).  cGOF = 
[Σw(Fo2 − Fc2)2/(Nobs − Nparams)]1/2. 
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Table S3.  X-ray Crystallographic Data for 10a, 10c, and 10c′. 
 10a 10c 10c′ 
formula C61H51BF24PRh C66H53BF24PRh C66H53BF24PRh 
fw 1384.72 1446.80 1446.80 
crystal dimension 0.14 × 0.06 × 0.06 0.41 × 0.21 × 0.20 0.43 × 0.40 × 0.37 
crystal system triclinic monoclinic monoclinic 
space group P-1 (#2) P21/c (#14) P21/n (#14) 
a, Å 12.831(2) 12.693(2) 13.065(3) 
b, Å 16.489(3) 30.806(5) 13.860(3) 
c, Å 17.039(2) 16.408(3) 34.505(7) 
, deg 65.205(9) 90 90 
, deg 68.213(10) 99.021(3) 95.303(3) 
, deg 75.421(12) 90 90 
V, Å3 3019.2(7) 6336(2) 6221(2) 
Z 2 4 4 
calcd, g cm−3 1.523 1.516 1.545 
F(000) 1396 2920 2920 
, cm−1 4.216 4.055 4.130 
transmission factors 
range 
0.833 – 0.975 0.879 – 0.922 0.534 – 0.860 
index range −16 ≤ h ≤ 16 −15 ≤ h ≤ 16 −16 ≤ h ≤ 10 
 −21 ≤ k ≤ 19 −40 ≤ k ≤ 25 −18 ≤ k ≤ 17 
 −22 ≤ l ≤ 16 −21 ≤ l ≤ 21 −43 ≤ l ≤ 44 
no. reflections  
24939 49041 41386 
total 
unique (Rint) 13275 (0.0690) 14491 (0.0777) 13967 (0.0733) 
I > 2(I) 8785 9836 10410 
no. parameters  794 842 840 
R1 (I > 2(I))a 0.0947 0.0680 0.0887 
wR2 (all data)b 0.2388 0.1621 0.2315 
GOF c 1.079 1.039 1.103 
max diff peak 
/ hole, e Å−3 
1.55/−0.99 1.34/−0.76 1.33/−0.95 
a R1 = Σ||Fo| − |Fc||/Σ|Fo|.  b wR2 = [Σ{w(Fo2 − Fc2)2}/Σw(Fo2)2]1/2, w = 1/[2Fo2 + (aP)2 + bP] 
(a and b are constants suggested by the refinement program; P = [max(Fo2,0) + 2Fc2]/3).  cGOF = 
[Σw(Fo2 − Fc2)2/(Nobs − Nparams)]1/2. 
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Table S4.  X-ray Crystallographic Data for 16a, 16b and 19.   
  16a 16b 19 
formula C65H51BF24IrP C55H47BF24IrP C66H53BF24IrP 
fw 1522.08 1397.94 1536.11 
crystal dimension 0.29 × 0.22 × 0.21 0.27 × 0.20 × 0.18 0.37 × 0.37 × 0.20 
crystal system monoclinic monoclinic monoclinic 
space group P21/n(#14) P21/c(#14) P21/n(#14) 
a, Å 13.111(3) 12.457(2) 13.086(2) 
b, Å 13.732(3) 18.626(3) 13.875(2) 
c, Å 34.337(7) 24.265(4) 34.548(6) 
, deg 90 90 90 
, deg 95.794(3) 97.669(2) 95.241(2) 
, deg 90 90 90 
V, Å3 6151 (3) 5579.8(13) 6247(2) 
Z 4 4 4 
calcd, g cm−3 1.644 1.664 1.633 
F(000) 3016 2760 3048 
, cm−1 23.165 25.452 22.818 
transmission factors 
range 0.446 – 0.618 0.527 – 0.632 
0.447 – 0.634 
index range −17 ≤ h ≤ 16 −14 ≤ h ≤ 16 −17 ≤ h ≤ 10 
 −17 ≤ k ≤ 17 −24 ≤ k ≤ 20 −18 ≤ k ≤ 17 
 −26 ≤ l ≤ 44 −29 ≤ l ≤ 31 −43 ≤ l ≤ 44 
no. reflections  42415 42673 42817 total 
unique (Rint) 13804 (0.0555) 12750 (0.0946) 14182 (0.0856) 
I > 2(I) 10844 9932 10460 
no. parameters  819 747 832 
R1 (I > 2(I))a 0.0583 0.0683 0.0649 
wR2 (all data)b 0.1405 0.1833 0.2040 
GOF c 1.069 1.071 1.070 
max diff peak 
/ hole, e Å−3 4.37/−1.30 2.04/−1.43 2.11/−2.59 
a R1 = Σ||Fo| − |Fc||/Σ|Fo|.  b wR2 = [Σ{w(Fo2 − Fc2)2}/Σw(Fo2)2]1/2, w = 1/[2Fo2 + (aP)2 + bP] 
(a and b are constants suggested by the refinement program; P = [max(Fo2,0) + 2Fc2]/3).  cGOF = 
[Σw(Fo2 − Fc2)2/(Nobs − Nparams)]1/2. 
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Table S5.  X-ray Crystallographic Data for 21 and 22.   
  21 22  
formula C60H49BF24IrP C60H49BF24IrP  
fw 1460.01 1460.01  
crystal dimension 0.41 × 0.24 × 0.15 0.37 × 0.30 × 0.20  
crystal system triclinic triclinic  
space group P-1 (#2) P-1 (#2)  
a, Å 12.451(2) 12.452(3)  
b, Å 14.092(2) 12.837(3)  
c, Å 16.869(2) 20.047(4)  
, deg 84.555(4) 74.855(5)  
, deg 79.232(3) 75.582(5)  
, deg 88.647(4) 84.532(7)  
V, Å3 2894.8(7) 2994.1(9)  
Z 2 2  
calcd, g cm−3 1.675 1.619  
F(000) 1444 1444  
, cm−1 24.571 23.755  
transmission factors 
range 0.357 – 0.692 0.424 – 0.622  
index range −14 ≤ h ≤ 16 −14 ≤ h ≤ 16  
 −18 ≤ k ≤ 14 −16 ≤ k ≤ 11  
 −21 ≤ l ≤ 21 −26 ≤ l ≤ 25  
no. reflections  21973 23236  total  
unique (Rint) 12687 (0.0910) 13244 (0.0406)  
I > 2(I) 10660 10577  
no. parameters  797 768  
R1 (I > 2(I))a 0.0475 0.0695  
wR2 (all data)b 0.1063 0.1780  
GOF c 1.047 1.062  
max diff peak 
/ hole, e Å−3 1.46/−1.36 1.57/−1.13  
a R1 = Σ||Fo| − |Fc||/Σ|Fo|.  b wR2 = [Σ{w(Fo2 − Fc2)2}/Σw(Fo2)2]1/2, w = 1/[2Fo2 + (aP)2 + bP] 
(a and b are constants suggested by the refinement program; P = [max(Fo2,0) + 2Fc2]/3).  cGOF = 
[Σw(Fo2 − Fc2)2/(Nobs − Nparams)]1/2. 
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Figure S6. ORTEP drawing of 2c (50% probability).  Anionic part and hydrogen atoms except 
for H1 are omitted for clarity.  Selected bond lengths (Å) and angles (deg): Rh1–P1, 2.3030(10); 
Rh1–C1, 2.475(5); Rh1–C9, 2.033(3); Rh1–H1, 1.753; C1–C2, 1.357(4); C1–C2–C3, 122.7(3); 
C1–C2–C4, 118.4(3); C3–C2–C4, 118.9(3); C2–C1–C10, 130.5(4). 
 
 
Figure S7. ORTEP drawing of 5a (50% probability).  Anionic part and hydrogen atoms except 
for H1 are omitted for clarity.  Selected bond lengths (Å) and angles (deg): Rh1–P1, 2.3030(10); 
Rh1–C1, 2.475(5); Rh1–C9, 2.033(3); Rh1–H1, 1.753; C1–C2, 1.357(4); C1–C2–C3, 122.7(3); 
C1–C2–C4, 118.4(3); C3–C2–C4, 118.9(3); C2–C1–C10, 130.5(4). 
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Figure S8. ORTEP drawing of 5c (50% probability).  Anionic part and hydrogen atoms are 
omitted for clarity.  Selected bond length (Å) and angles (deg): Rh1–O1, 2.141(4); Rh1–C1, 
2.101(6); Rh1–P1, 2.3315(16); C1–C2, 1.449(8); C1–C3, 1.350(8); O1–C2, 1.285(7); O1–Rh1–
C1, 64.32(18); Rh1–O1–C2, 93.6(3); Rh1–C1–C2, 90.6(4); Rh1–C1–C3, 134.3(4); C2–C1–C3, 
130.0(6); O1–C2–C1, 111.2(5), O1–C2–C16, 117.8(5); C1–C2–C16, 130.8(6). 
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Chapter 5 
Conclusion and Perspectives 
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5-1, Conclusion 
 In Chapter 2, the author has described the novel general internal alkyne-to-vinylidene 
rearrangement at [Ru(P3O9)] and [CpM(PP)]+ (M = Ru, Fe; PP = dppe, 2PPh3).  Several 
intermediary η2-alkyne complexes could be isolated and were successfully transformed into the 
corresponding vinylidene complexes (Scheme 1).  Interestingly, the migratory aptitude of alkyl, 
aryl, and acyl groups showed opposite tendency with that of common organic nucleophilic 
rearrangements; electron withdrawing groups enhance the migratory aptitude.     
 The author has also described that the present vinylidene rearrangement is a reversible 
process; treatment of ruthenium vinylidene complexes [CpRu{=C=C(Ph)R}(dppe)][BArF4] with 
monophosphines resulted in the 1-disubstituted vinylidene-to-2-internal alkyne isomerization.  
This observation provides the first examples of the reversible conversion between internal 
alkynes and disubstituted vinylidenes (Scheme 2).   
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Scheme 1, General internal alkyne-to-vinylidene rearrangement.   
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Scheme 2, Reversibility of carbon disubstituted internal alkyne-to-vinylidene rearrangement.   
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 In Chapter 3, the author has described the reactivities of indenylruthenium complex [(η5-
C9H7)Ru(dppe)]+ toward internal alkynes.  The reaction of [(η5-C9H7)RuCl(dppe)] (1) with 
MeC≡CR (R = Et, Ph) in the presence of NaBArF4 at 70 ˚C gave rise to regioisomeric complexes 
[Ru{C(Me)=C(R)–(η6-C9H7)}(dppe)][BArF4] (2) and [Ru{C(R)=C(Me)–(η6-
C9H7)}(dppe)][BArF4] (2′) were formed through insertion of the alkyne into the Ru–indenyl bond 
followed by haptotropic rearrangement (Scheme 3).  Complexes 2′ isomerize completely to 2 at 
this temperature after prolonged reaction time.  At 130 ˚C, 2 are further converted into the 
disubstituted vinylidene complexes [(η5-C9H7)Ru{=C=C(R)Me}(dppe)][BArF4] (3) through 
alkyne–vinylidene rearrangement of the η2-alkyne intermediate.  This provides a rare example of 
direct observation of the β-carbon elimination from an unstrained transition metal alkenyl 
complex.   
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Scheme 3, Competition of alkyne insertion/β-carbon elimination and vinylidene rearrangement. 
 
 In Chapter 4, the author has described that the reactivities of group 9–d6 metal complexes 
toward internal alkynes.  The reaction of [Cp*RhCl(Ph)(PR3)] with R1C≡CR2 afforded the (o-
vinyl)aryl complex [Cp*Rh{o-C6H4C(R)=CHR}(PMe3)][BArF4] by way of the insertion of the 
alkyne into the Ph–Rh bond to form the vinylrhodium complex 
[Cp*Rh{C(R1)=C(R2)Ph}(PR3)][BArF4] followed by the 1,4-rhodium migration, providing the 
first example of 1,4-migration of a Rh(III) center (Scheme 4).  Experimental evidence for the 
reversibility of the present vinyl-to-aryl 1,4-Rh(III) migration was obtained by the reaction of 
[Cp*Rh(C6H4Me-m)(PR3)]+ with diphenylacetylene.   
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Scheme 4, 1,4-Migration of Rh(III) center.   
 
 Although the reaction of [Cp*Ir(Ph)(PMe3)]+ with RC≡CR afforded the o-
vinylaryliridium complex [Cp*Ir{o-C6H4C(R)=CHR}(PMe3)][BArF4] (R = Ph, Me) through the 
mechanism similar to that of rhodium complex, the reaction of PhC≡CMe resulted the formation 
of π-allyl complex [Cp*Ir{η3-CH(Ph)C(Ph)CH2}(PMe3)][BArF4], which seems to be the vinyl-
to-allyl 1,3-migration product from the vinyliridium intermediate [Cp*Ir{C(Ph)=C(Me)Ph}- 
(PR3)][BArF4].  Experimental evidences for the involvement of unprecedented direct 1,3-
migration in the latter transformation was obtained by deuterium labeling experiments (Scheme 
5).   
 
 
Scheme 5, 1,3-migration of Ir(III) center.   
169 
 
5-2, Perspectives 
5-2-1, Further generalization of vinylidene rearrangement of internal alkynes 
 In Chapter 2, the author has demonstrated that the general internal alkynes can take part 
in the vinylidene rearrangement.  However, only group 8–d6 metal centers such as Ru(II) and 
Fe(II) have been found to work as an effective reaction site throughout the studies by the 
author’s as well as other groups.  To broaden the scope of the vinylidene rearrangement, it is 
desirable to expand the reaction site to other metal centers such as Cr, Mo, W, Mn, Re, Co, Rh, 
and Ir (group 6, 7, and 9 metals).     
 The author has already found that the reaction of [Cp*IrCl2(PPh3)] (1) with PhC≡CPh 
and NaBArF4 in toluene at 70 ˚C for 30 min afforded the vinylidene complex 
[Cp*IrCl(=C=CPh2)(PPh3)][BArF4] (2a) in 82% yield (Scheme 6).  Complex 2a exhibits a 
13C{1H} NMR signal at δ 325.9 (d, 2JPC = 12.0 Hz) characteristic of the α carbon of a vinylidene 
ligand, and the molecular structure of 2a has been determined unambiguously by a single-crystal 
X-ray diffraction study (Figure 1, left).  Under similar conditions, 
[Cp*IrCl{=C=C(Ph)Me)(PPh3)][BArF4] (2b) was obtained from the reaction of 1 and NaBArF4 
with PhC≡CMe in 59% yield.   
 
 
Scheme 6, Vinylidene rearrangement of internal alkynes at Cp*Ir(III) center.   
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Figure 1. ORTEP drawing of 2a (left) and 3 (right).  Anionic part and hydrogen atoms are 
omitted for clarity. Selected bond lengths (Å) and angles (deg): Ir1–Cl1, 2.3688(19); Ir1–P1, 
2.3408(18); Ir1–C1, 1.872(7); C1–C2, 1.297(10); Ir1–C1–C2, 172.4(7); C1–C2–C3, 117.9(7); 
C1–C2–C4, 121.5(7); C3–C2–C4, 120.5(6). 
 
 It is noteworthy that the reaction rate is substantially enhanced by switching the reaction 
site from Ru(II) to Ir(III); the vinylidene rearrangement of PhC≡CMe at 70 ˚C takes 2 days at 
[CpRu(dppe)]+, whereas that at [Cp*IrCl(PPh3)]+ completes within 30 min.   
 On the other hand, the reaction of 1 with EtC≡CEt and NaBArF4 at 50 ˚C for 10 min 
afforded the η2-alkyne complex [Cp*IrCl(η2-EtC≡CEt)(PPh3)][BArF4] (3) in 51% yield as yellow 
crystals.  Complex 3 exhibits 13C{1H} NMR signals at δ 77.0 and 76.9 and an IR absorption at 
2031 cm−1, indicating the presence of an η2-alkyne ligand.  The molecular structure of 3 was also 
confirmed by preliminary X-ray analysis (Figure 1, right).  Complex 3 failed to isomerize into 
the corresponding vinylidene complex by further heating at 70 ˚C, and only decomposition of 3 
to a complex mixture was observed.  Although there is a slight limitation of substrates, above 
reactions provide the first example of the vinylidene rearrangement of 
bis(hydrocarbyl)substituted internal alkynes at an iridium center.     
 Furthermore, the author has also found that the reaction of formal Mo(0) complex [(η7-
C7H7)MoBr(dppe)] (4) with PhC≡CCOC6H4Me-p and NaBArF4 afforded the vinylidene complex 
[(η7-C7H7)Mo{=C=C(Ph)C6H4Me-p}(dppe)][BArF4] (5), and the structure of 5 has been 
determined by a single-crystal X-ray diffraction study (Scheme 7, Figure 2).      
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Scheme 7, Vinylidene rearrangement of acyl alkyne at Mo(0) center.   
 
 
Figure 2. ORTEP drawing of 5 (50% probability).  Anionic part and hydrogen atoms are omitted 
for clarity. Selected bond lengths (Å) and angles (deg): Mo1–P1, 2.491(3); Mo1–P2, 2.499(3); 
Mo1–C1, 1.993(9); C1–C2, 1.249(14); Mo1–C1–C2, 175.0(8); C1–C2–C3, 113.6(9); C1–C2–
C11, 128.1(8); C3–C2–C11, 118.0(9). 
 
 Obviously, these results indicate that monocationic complexes with d6 metal center and 
fac-type tridentate ligand can serve as an effective reaction site for the vinylidene rearrangement 
of internal alkynes.  The author believes that developments of this rearrangement at other metals 
such as W(0), Mn(I), Re(I), Co(III), and Rh(III) can be achieved by using this strategy.      
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5-2-2, Synthetic applications of internal alkyne-to-vinylidene rearrangement 
 As shown in Scheme 8, vinylidene rearrangement of terminal alkynes has widely been 
applied to synthetic reactions.1   
 
Scheme 8. Applications of vinylidene rearrangement toward synthetic reactions.   
 
 These reactions have been developed as the transformation method of terminal alkynes 
(Scheme 8, X = H).  The author expects that the present internal alkyne-to-vinylidene 
rearrangement can expand the range of the above reactions to the internal alkynes, which 
provides a straightforward and short-step synthetic method for poly-substituted compounds 
(Scheme 8, X = alkyl, aryl, acyl).  In order to explore synthetic application of the present 
rearrangement, the author has investigated the reactivities of the carbon disubstituted vinylidene 
complexes toward some nucleophiles.     
 When the cyclotriphosphatoruthenium vinylidene complexes (PPN)[Ru(P3O9)- 
{=C=C(R1)R2}(dppe)] (6a, R1 = R2 = CO2Me; 6b, R1 = Ph, R2 = CO2Et; 6c, R1 = Ph, R2 = 
COPh) were heated at 100 ˚C in DMF in the presence of H2O for overnight, alkanes R1CH2R2 
(66–86% GC yield) were formed with concomitant generation of the carbonyl complex 
(PPN)[Ru(P3O9)(CO)(dppe)] (7) (Scheme 9).  This reaction probably occurred through the 
nucleophilic attack of a water molecule on the α-carbon of the vinylidene ligand in 6 to form a 
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hydroxycarbene intermediate, which undergoes keto-enol tautomerization, and subsequent 
decarbonylation.  This provides a formal one-carbon-shorting reaction from internal alkynes.     
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Scheme 9. Reaction of vinylidene complex 6 with H2O.   
 
 On the other hand, the reactions of [CpRu{=C=C(Ph)R}(dppe)][BArF4] (8a, R = Ph; 8b, 
R = Me) with NaN3 in MeOH at 60 ˚C for overnight afforded the nitrile complexes 
[CpRu{N≡CCH(Ph)R}(dppe)][BArF4] (9a, R = Ph; 9b, R = Me) (Scheme 10).  This reaction was 
considered to proceed via the nucleophilic addition of an azide anion to the α carbon of the 
vinylidene ligand followed by protonation of the β carbon and N2 dissociation accompanied by 
metal migration.  Although a related reaction of [(η5-C9H7)Ru{=C=C(Ph)CH2Ph}(dppe)]– with 
TMSN3, the former of which was prepared from β-alkylation of [(η5-C9H7)Ru(C≡CPh)(dppe)] by 
PhCH2Br, was already reported in 2011,2 complexes 8 can be synthesized directly and readily 
from internal alkynes.  Therefore, this reaction may be conducted catalytically if the exchange of 
the nitrile ligand of 9 with internal alkynes is achieved in the presence of azide anion.      
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Scheme 10. Reaction of vinylidene complex 8 with NaN3.   
 
 The benzofuran core is a ubiquitous heterocyclic motif that is very common in natural 
products as well as biologically active compounds.3  Among these compounds, 2- or 3-
arylbenzofuran framework can be found in a series of pharmacologically interesting compounds, 
and tremendous efforts have been paid for the selective formation of 2- or 3-arylbenzofurans in 
the literature.4  It is well-known that simple benzofuran is synthesized from o-alkynylphenol by 
the vinylidene rearrangement and subsequent cyclization as illustrated in Scheme 8,1e,5 and the 
author has envisioned that 3-arylbenzofuran can be synthesized from 2-(2-arylethynyl)phenol via 
the vinylidene rearrangement followed by the nucleophilic addition of oxygen atom to the α 
carbon (Scheme 8, X = aryl).  However, treatment of [CpRuCl(dppe)] and 2-(2-
phenylethynyl)phenol (10 equiv) in the presence of NaBArF4 and NEt3 in C2H4Cl2 at 70 ˚C 
afforded the 2-phenylbenzofuran as the sole product in 52% yield (Scheme 11).6  This result 
indicates that the nucleophilic addition of hydroxy group to the carbon atom of C≡C bond in the 
η2-alkyne complex intermediate is faster than the vinylidene rearrangement, and the desired 
compound could not be obtained.  Therefore, development of highly reactive system toward 
vinylidene rearrangement must be needed to overcome this problem.     
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Scheme 11. Formation of 2-phenylbenzofuran.   
 
5-2-3, Control of vinylidene rearrangement and 1,2-insertion of internal alkynes 
 It is well-known that when a transition metal center has a carbon substituents such as 
alkyl or aryl groups, internal alkynes readily insert into the metal–carbon bond in a [1,2] fashion, 
and vinylidene rearrangement does not take place.  A representative example is [Cp*Rh(ppy)]+ 
(ppy = cyclometallated 2-phenylpyridine) mediated annulation of 2-phenylpyridine with internal 
alkynes; the stoichiometric version of this reaction was developed by Jones in 2008 and its 
catalytic version by other groups some years later.7  The mechanism of this interesting reaction 
has been proposed to involve the first orhto-metallation of phenylpyridine to form a five-
membered rhodacycle followed by 1,2-insertion of the alkyne into the Rh–Ph bond and reductive 
elimination.  As expected, 1,1-insertion, i.e. vinylidene rearrangement and subsequent insertion 
of the vinylidene ligand, has never been observed (Scheme 12).     
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Scheme 12, Reaction of [Cp*MCl(ppy)] (M = Rh, Ir) with DMAD.   
 
 Obviously, the relationship of these two types of reactions, i.e. the rate of 1,2-insertion is 
faster than vinylidene rearrangement–1,1-insertion, limits the generality as well as the synthetic 
utility of internal alkyne-to-vinylidene rearrangement.  To overcome this problem and establish 
the vinylidene rearrangement as a powerful activation method of internal alkynes, the author has 
aimed to control the preference between 1,2-alkyne insertion and 1,1-vinylidene insertion.  To 
accomplish this purpose, the author planned to prevent the insertion process by using 
[Cp*IrCl(ppy-F4)] (10) (ppy-F4 = cyclometallated 2-(2,3,4,5-tetrafluorophenyl)pyridine), in 
which Ar group is considered to bind to the metal more strongly than the Ph group in ppy 
because of the low π* level of the ppy-F4 ligand.   
 When complex 10 was allowed to react with PhC≡CPh and NaBArF4 in C2H4Cl2 at 50 ˚C 
for 6 h, the cyclometallated (o-vinyl)aryl complex 11 with an Ir-(vinyl CH) agostic interaction 
was formed through the vinylidene rearrangement of the alkyne to generate the vinylidene 
intermediate followed by 1,1-insertion of the vinylidene ligand into the Ir–(tetrafluorophenyl) 
bond and 1,4-Ir migration to the ortho position of the Ph group originated from the alkyne 
(Scheme 13).  Complex 11 was fully characterized by spectroscopic as well as crystallographic 
measurements (Figure 3, left).   
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Scheme 13, Reaction of 10 with PhC≡CPh and NaBArF4.   
 
Figure 3. ORTEP drawings of 11 (left) and 12 (right).  Anionic part and hydrogen atoms except 
for H1 of 11 are omitted for clarity. Selected bond lengths (Å) and angles (deg): 11, Ir1–N1, 
2.121(5); Ir1–C1, 2.213(5); Ir1–C4, 2.026(6); Ir1–H1, 1.893; C1–C2, 1.461(9); C1–C2–C3, 
114.0(5); C1–C2–C9, 123.0(6); C3–C2–C9, 122.5(6); C2–C1–C15, 119.3(5). 12, Ir1–C1, 
2.135(4); Ir1–C2, 2.128(5); Ir1–C10, 2.156(4); Ir1–C11, 2.164(4); C1–C2, 1.482(5); C10–C11, 
1.496(6); C2–C10, 1.431(6); C1–C2–C3, 125.3(4); C1–C2–C10, 111.4(4); C3–C2–C10, 
123.2(3). 
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 On the other hand, the reaction of 10 with PhC≡CMe gave a Cp*Ir(I) complex 12 
coordinated with an η4-pyridoisoquinolinium ligand (Figure 3, right), which was formed from 
the 1,2-insertion into the Ir–(tetrafluorophenyl) bond and the subsequent reductive elimination 
(Scheme 14).    
 
Scheme 14, Reaction of 10 with PhC≡CMe and NaBArF4.   
 
 It should be mentioned that PhC≡CPh is the more reactive substrate toward vinylidene 
rearrangement at a CpRu system, as discussed in Chapter 2.  Therefore, with this reaction system, 
reactive internal alkyne can take part in the vinylidene rearrangement prior to the 1,2-insertion.  
Although there is a significant limitation for the substrate, this reaction has evidenced that the 
vinylidene rearrangement of bis(hydrocarbyl)substituted internal alkynes can take place in 
preference to 1,2-insertion.  The author believes that this reaction will open up new way for the 
activation of internal alkynes.     
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